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Summary
Spintronics oers promise in employing intrinsic spin in nanoscale devices for next gen-
eration information technologies. In this Thesis, we theoretically study several critical
aspects of spintronics, with a focus on the spin injection through interfaces with dier-
ent properties, and the spin transfer torque (STT) phenomenon in single/multi-layer(s)
ferromagnetic (FM) thin-lm system. The studies focus on spin-dependent transport
characteristics in nanoscale structures under the inuence of various physical parameters
of the system and the interactions with electric and magnetic elds.
Firstly, a semi-classical spin drift-diusion (SDD) model is constructed. This model
later becomes the backbone for the study of the spin dynamics in magnetic multilayers
system. The rst spin-dependent study focuses on the eects of various characteristics of
the interfaces on the magnetoresistance (MR) of pseudo-spin-valves (PSV). The physical
parameters studied include the bulk polarization, interface polarization, and interface
spin ipping of the PSV system. We examine conditions leading to high MR ratio in
PSV.
Following this, a brief introduction to the tight-binding non-equilibrium Green's
function (NEGF) is given, and subsequently a NEGF model is set up to study spin
injection through a Schottky barrier at the ferromagnetic-insulator-semiconductor (FM-
I-SC) junction. The eects of the Schottky barrier on the spin injection are studied
using this NEGF model. Based on the calculation results, several approaches have been
v
SUMMARY
suggested to enhance the spin polarization from FM to SC through the implementation
of a Schottky barrier.
In-depth studies of STT follow the spin injection studies. Based on the SDD model,
we study the optimized conditions to maximize the STT during the current induced
magnetization switching (CIMS) process in PSV. CIMS is the result of coupling between
spin-polarized conduction electrons and the magnetic moments in ferromagnetic layers
on the magnetization. This study is essential as CIMS can oer a novel class of current-
controlled magnetic memory devices, which does not rely on magnetic eld switching.
We investigate the optimization of the STT eect by tuning the relative magnetization
angle, layer thickness, and material parameters.
Later a SDD model is constructed with an additional capping layer, with the objec-
tive of studying the inuences of capping layer on CIMS in PSV. A detailed analysis is
done on the key physical parameters of the capping layer, and guidelines are laid down
as to how to engineer the capping layer in order to maximize the spin transfer torque in
CIMS.
Finally, applying the NEGF approach again, a study is done on another form of spin
torque, which is induced by the interaction of spin splitting and the Rashba spin-orbit
coupling (SOC) eect in a single FM layer. The study focuses on parameters that aect
the current induced eective eld (Heff ) in a single FM layer and the distribution prole
of spin densities and STT over the system.
vi
List of Figures
1 Areal density trend since 1950. Fast increase can be observed after 1990,
which is after the discovery of giant magnetoresistance. Reprinted gure:
R. Freitas, J. Slember, W. Sawdon and L. Chiu, GPFS Scans 10 Billion
Files in 43 Minutes. cCopyright IBM Corporation 2011. . . . . . . . . 3
2 Schematic of electron tunneling in ferromagnet/insulator/ferromagnet (F/I/F)
for Julliere's model in (a) parallel conguration (b) antiparallel congu-
ration of magnetizations. The lower scheme shows the corresponding spin
resolved density of the d states in ferromagnetic regions. The reduction
of density of states for spin up electrons gives rise to the high resistance
in antiparallel conguration. . . . . . . . . . . . . . . . . . . . . . . . . . 5
3 An illustration of dierent transport length scales and its corresponding
electron transport characteristic. L refers to the device dimensions, and
lF ; lMPF ; l; and lsf , refer to Fermi-wavelength, mean free path, phase re-
laxation length and spin diusion length, respectively. Ballistic transport
occurs when L< lMFP , where electrons experience elastic collision with-
out losing their momentum. Diusive transport occurs when L lMPF ,
where the electron momentum is not conserved. lsf characterizes how
long an electron can travel in a diusive conductor before its initial spin
orientation is randomized. To maintain the spin coherence, the device di-
mensions must be kept smaller than lsf . Generally in metals, lMPF  lsf . 6
4 Spin valve eect. (a) Schematic representation of the spin valve in parallel
conguration. (b) Schematic representation of spin valve in antiparallel
conguration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
5 Schematic representation of (a) the current perpendicular to plane (CPP)
(b) the current in plane (CIP) geometry. . . . . . . . . . . . . . . . . . . 8
vii
LIST OF FIGURES
6 An illustration of spatial variation of the electrochemical potential at the
ferromagnetic/non-magnetic(FM/NM) junction. The interface is marked
at x = 0. The spin resolved electrochemical potential ("; #, solid line)
and the average electrochemical potential (dash line) are discontinuous at
the interface. The spin accumulation,  = "   #, decays away from
the interface and into the bulk region, and is characterized by the spin
diusion length in the FM(NM) region, labeled with superscript F(N),
l
F (N)
sf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
7 Current-induced magnetization switching (CIMS). (a) A current of elec-
trons is injected through the thick ferromagnet, FM1, which acts as a spin
plarizer, and acquire an average spin moment along the magnetization of
FM1. When the electrons enter the thin ferromagnet, FM2, which is the
free layer, the resulting s-d interaction aligns the average spin moment
along the magnetization of FM2. Due to the conservation of momentum,
the transverse spin angular momentum lost by the electrons will be ab-
sorbed by the magnetization of FM2, which thus experiences a torque
tending to align FM2 towards the orientation of FM1. (b) By reversing
the current owing through the spin valve geometry, one can induce ei-
ther parallel or antiparallel conguration of the two FMs, and thus store
information in a single memory cell. . . . . . . . . . . . . . . . . . . . . 14
8 Working principle of MRAM. In the basic cross-point architecture, the
two basic congurations of a CPP spin valve geometry, namely parallel
(P) and antiparallel (AP) congurations, represent the binary information
`0' and `1'. During the writing process, current pulses are passed through
one line of each array, and only the current at the crossing points is
high enough to switch the magnetization of the free layer. During the
reading process, the resistance between the two lines of the addressed cell
is measured. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
9 The organisation of the thesis and the related mathematical methods for
spin dynamics simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.1 Schematic diagram of FM1-NM-FM2 pseudo-spin-valve trilayer structure,
with current ow in the CPP direction. . . . . . . . . . . . . . . . . . . 25
1.2 Logarithmic plot of MR ratio as a function of interfacial resistance, R0,
for dierent interfacial spin ip resistance RSF . . . . . . . . . . . . . . . 29
1.3 (a) Logarithmic plot of MR ratio as a function of interfacial resistance R0,
for dierent values of spin asymmetry ratio, . The solid lines correspond
to RSF = 10
4 m
m2, while the dotted line with RSF = 10
 1 m
m2.
(b) MR ratio as a function of R0 in the absence of any bulk or interfacial
spin ipping, i.e. with RSF and lsf tending to innity. . . . . . . . . . . 32
viii
LIST OF FIGURES
2.1 Schematic of a device divided into three regions, i.e. left and right con-
tacts (blue) and the central region (yellow). The central region is de-
scretized into lattice sites labeled from 1 to N, with intersite distance `a'.
The binding energy between two neighbouring sites is labeled as `t'. The
coupling between the contacts and the central region is treated as self-
consistent potential, namely self-energy, Rp , where p can either be left
(l) or right (r) contact. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.2 (a)Illustration for retarded Green's function, GR, and (b) advanced Green's
function, GA, on an innite 1D wire. . . . . . . . . . . . . . . . . . . . . 40
2.3 Energy band-diagram of a FM/I/SC system with a Schottky barrier in the
SC region. The parameters depicted in the diagram are: 1 = conduction
band oset at the FM/I interface, c = conduction band oset at the
I/SC interface, B = Schottky barrier height, bi = built-in potential,
2 = B + c, EF = Fermi level, VA = applied bias, and tF ; tI and WD
= thickness of the FM, I and depletion region, respectively. . . . . . . . 47
2.4 Calculated current density J as a function of applied bias voltage, VA,
when the following parameters are varied: (a) FM/I conduction band
oset, 1, (b) Schottky barrier height, B, (c) doping density in the SC
layer, ND, and (d) built-in potential, bi. . . . . . . . . . . . . . . . . . 53
2.5 Calculated spin polarization as a function of applied bias voltage, VA,
when the following parameters are varied: (a) FM/I conduction band
oset, 1, (b) Schottky barrier height, B, (c) doping density in the SC
layer, ND, and (d) built-in potential, bi. . . . . . . . . . . . . . . . . . 56
3.1 Schematic diagram of a FM1-NM-FM2-Cap pseudo-spin-valve structure. 64
3.2 (a) Spin transfer torque (STT)  expressed in Oersteds (Oe), and (b) areal
resistance, R(), as a function of magnetization angle, , with dierent
spacer spin diusion lengths, l
(Cu)
sf . . . . . . . . . . . . . . . . . . . . . . 69
3.3 (a) Spin transfer torque (STT)  expressed in Oersteds (Oe), and (b) areal
resistance, R(), as a function of magnetization angle, , with dierent
transverse spin diusion lengths, l
(Co2)
sf? . . . . . . . . . . . . . . . . . . . 70
3.4 (a) Spin transfer torque (STT)  expressed in Oersteds (Oe), and (b) areal
resistance, R(), as a function of magnetization angle, , with dierent
longitudinal spin diusion lengths, l
(Co2)
sf jj . . . . . . . . . . . . . . . . . . 71
3.5 (a) Optimal relative magnetization orientation max as a function of free
layer thickness tCo2 at which spin transfer torque is maximum for various
reference layer thickness tCo1; (b) Maximum spin transfer torque jmax=0j
as a function tCo2 for various tCo1. In both plots, lsf? is set at 2.4 nm
and je = 10
7A=cm2: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.1 Schematic diagram of a FM1-NM-FM2 pseudo-spin-valve structure with
an additional capping layer. . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.2 An illustration of out-of-plane torque (?) and in-plane torque (jj). . . 86
ix
LIST OF FIGURES
4.3 (a) Normalized out-of-plane torque (?), (b) normalized in-plane torque
(jj), and (c) spin accumulation (), as a function of the magnetization
angle . These quantities are calculated at the NM/FM2 interface, for
capping layer thickness tcap of 0 nm (no capping layer), 100 nm and 300
nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.4 (a) Normalized out-of-plane torque (?), (b) normalized in-plane torque
(jj), and (c) spin accumulation (), as a function of the magnetization
angle , and calculated at the NM/FM2 interface. The spin diusive
length in the Cu capping layer (l
(cap)
sf ) is set to 10 nm, 50 nm and 350 nm. 90
4.5 (a) Normalized out-of-plane torque (?), (b) normalized in-plane torque
(jj), and (c) spin accumulation (), as a function of the magnetization
angle , and calculated at the NM/FM2 interface.The resistivity of the
capping layer (cap) is set to 2:86 
cm, 28:6 
cm, and 286 
cm. (d),
(e), and (f) are the corresponding graphs in the presence of interfacial
resistances (G"; G#) of varying orders of magnitude, with cap being set
at 2:86 
cm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.6 (a) Perpendicular torque (?) and (b) in-plane torque (jj) as a function
of the angle  between the magnetization orientations of the free and xed
FM layers. The capping layer spin diusion length (lcapsf ) is varied from
10nm to 50nm, while its resistivity (cap) is varied from 2:86
cm to
286
cm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.7 (a) Perpendicular torque (?) and (b) in-plane torque (jj) as a function of
the angle  between the magnetization orientations of the free and xed
FM layers, for varying interfacial conductance (G"capand G#cap). The
capping layer spin diusion length (lcapsf ) is varied from 10nm to 50nm. 95
4.8 Spin accumulation () as a function of the magnetization angle . The
capping layer's resistivity cap and spin diusion length l
cap
sf are set to
the same values as in Fig. 4.6. The spin accumulation  shows a
similar dependence for varying interfacial conductances G"cap and G#cap
(the corresponding plot is thus not shown here). . . . . . . . . . . . . . 96
5.1 Schematic diagram of a ferromagnetic (FM) layer sandwiched between
two dissimilar materials (oxides or heavy elements) to increase the vertical
electric eld Ez and thus enhance the Rashba SOC eect. Current je
ows in the in-plane x-direction. The magnetization of the FM layer M
is oriented in the vertical z-direction. . . . . . . . . . . . . . . . . . . . . 102
5.2 The dependence of the eective current induced eld (He) due to the
Rashba spin torque is plotted as a function of charge current density
(je) for (a) varying Rashba strength R with a xed exchange coupling
 = 1:6 eV, and (b) varying exchange coupling  with a xed R = 10
 10
eVm. In (c), the spin torque eciency (He=je) is plotted as a function
of both  and R. In the calculations, we assume the dimension of the
sample to be 50a 50a, where a = 0:05 nm. . . . . . . . . . . . . . . . . 108
x
LIST OF FIGURES
5.3 The spatial distribution of the (a) Rashba eect spin torque x and its
correlation with the local spin current hjszmm0i by setting R to 0:510 10
eVm, (b) x and its correlation with hjszmm0i by setting R to 1:5 10 10
eVm. The spin torque density is expressed in units of B=LSO. The
sample has a lateral size of 50a 50a. . . . . . . . . . . . . . . . . . . . 110
5.4 The spatial distribution of the spin density (a) hszim, (b) hsyim, both
with  = 0 eV, R = 1  10 10 eVm, (c) hszim, (d) hsyim, both with
 = 1:6 eV, R = 1:5 10 10 eVm. In (e) hsyim is plotted with a larger
R = 1:5 10 10 eVm, and  = 1:6 eV. The sample has a lateral size of




N. L. Chung, M. B. A. Jalil, and S. G. Tan, Non-equilibrium spatial distribution of
Rashba spin torque in ferromagnetic metal layer, AIP Advances 2, 022165 (2012).
N. L. Chung, M. B. A. Jalil, and S. G. Tan, The Eects of Schottky Barrier Prole on
Spin Dependent Tunneling in a Ferromagnet-Insulator-Semiconductor System, J. Appl.
Phys. 108, 034503 (2010).
N. L. Chung, M. B. A. Jalil, and S. G. Tan, Enhanced Perpendicular Spin Transfer
Torque in Magnetic Multilayers with a Capping Layer, IEEE Trans. Magn. 46, 1580
(2010).
N. L. Chung, M. B. A. Jalil, and S. G. Tan, Eects of Capping Layer on the Spin Ac-
cumulation and Spin Torque in Magnetic Multilayers, J. Phys. D. 42, 195502 (2009).
N. L. Chung, M. B. A. Jalil, S. G. Tan, J. Guo and S. Bala Kumar, A Study of Spin
Relaxation on Spin Transfer Switching of a Non-collinear Magnetic Multilayers, J. Appl.
Phys. 104, 084502 (2008). (cited 5)
N. L. Chung, M. B. A. Jalil, S. G. Tan and S. Bala Kumar, Interfacial Resistance and
Spin Flip Eects on the Magnetoresistance of a Current-perpendicular to Plane Spin
Valve, J. Appl. Phys. 103, 07F308 (2008). (cited 1)
M. B. A. Jalil, S. G. Tan, R. Law and N. L. Chung, Layer Thickness and Angular





N. L. Chung, M. B. A. Jalil, and S. G. Tan, The Eects of Spin Relaxation on Spin
Transfer Switching of a Non-collinear Giant Magnetoresistance Devices, accepted for
presentation at the Intermag 2008, Madrid, Spain, 4{8 May 2008.
N. L. Chung, M. B. A. Jalil, S. G. Tan and S. Bala Kumar, Interfacial Resistance and
Interfacial Spin Flip Eects on Magnetoresistance, 52nd Conference on Magnetism and
Magnetic Materials (MMM), Nov. 5{9, 2007, Tampa, Florida, USA.
xiii
List of Abbreviations and Symbols
List of Abbreviations
2DEG Two-dimensional electron gas
AP Anti-parallel
CIMS Current induced magnetization switching
CIP Current-in-plane
CPP Current perpendicular-to-plane





MFP Mean free path
MOSFET Metal-oxide-semiconductor eld-eect transistor
MR Magnetoresistance
MRAM Magnetoresistive random access memory
MTJ Magnetic tunnel junction
NEGF Non-equilibrium Green's function
NM Non-magnetic
P Parallel
PSV Pseudo spin valve
SC Semiconductor
SDD Spin drift diusion
SDL Spin diusion length
SOC Spin-orbit coupling













GA Advaced Green's function
GR Retarded Green's function
G< Electron correlation function
G> Hole correlation function
h Planck's constant
~ Reduced Planck's constant
J Current density
lMPF Mean free path
lsf Spin diussion length
kB Boltzmann constant
m Eective mass





 Intrinsic conductance polarization
 Bulk asymmetry factor












0.1 The Importance of Spintronics
Conventionally, the electric charge of the electron is used as a medium to store and pro-
cess information. For decades, this method has been successful and has brought about
a society where information technology is becoming vital and essential in every perspec-
tive in day-to-day living. Indeed, nowadays, the basic functioning of all the advanced
nations in the world is utterly dependent on their information technology infrastructure.
This society evolution has driven the thirst for more and more computing power to pro-
cess information for society's consumption. In fact, in the mid 1960s, this tendency had
been envisioned by Moore's Law [1], which states that computing power in the latest
technology doubles roughly every 18 months. However, in recent years, fundamental
laws of physics seem to prevent the continuation of Moore's Law in the trend of com-
puting power, unless more sophisticated technology becomes available within the next
decade. With further miniaturization, heat dissipation, power consumption, and current
tunneling in nanostructures have become signicant obstacles to further technological
advances.
In regard to this, spintronics [2, 3] appears to be one of the most promising and
1
Introduction
attractive technologies to ensure continuation of Moore's Law. The word `spintron-
ics' was actually coined and introduced by S. Wolf in 1996 for a Defense Advanced
Research Projects Agency (DARPA) program managed by Wolf. Spintronics is a multi-
disciplinary eld whose purpose is to actively manipulate the spin degrees of freedom in
solid-state systems, as conventional electronics has ignored the spin aspect of transport
in device applications. The study of spintronics is to understand the spin dynamics
in solid-state systems and to make useful devices based on the acquired knowledge.
Fundamental studies of spintronics often include the eects of physical parameters of
solid-state systems on electron spins, the spin transports at nanoscale dimensions and
the spin transport behaviors under the inuence of electric and magnetic elds. As a
matter of fact, the major advances in electron spin transport started when the giant
magnetoresistance (GMR) was discovered in 1988 [4, 5], and later theoretical explana-
tions were proposed [6] for various magnetoresistive phenomena. The combination of
experimental and theoretical developments in this eld open the way for ecient control
of spin transport in nanostructures.
Spintronics often operates based on the alignment of a spin (either `up' or `down')
relative to a reference (an applied magnetic eld or magnetization orientation of a fer-
romagnetic lm). The term `spin' stands for either the spin of a single electron, or the
average spin of an ensemble of electrons, manifested by the magnetization of a material.
In applications, spintronic devices are often subjected to electrical current, electric eld
or external magnetic eld in order to switch the devices into the desired operating modes
or predictable states. Adding the spin degree of freedom to charge based electronics or
using the spin degree of freedom alone is capable of enhancing the capability and per-
formance of conventional electronic devices. The new spintronic devices possess features
such as non-volatility, faster data processing speed, reduced power consumption, and
smaller form factor as compared to the conventional (charge-based) electronic devices.
So far, the most successful application of spintronics has been in the area of mag-
netic recording, which has been taken to a new height in the past two decades. This
is measured by the evolution of the areal density in magnetic hard disks, which has
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increased tremendously since the introduction of spintronics (see Fig. 1). In order to
push the areal density to new boundaries, it is necessary to study the magnetic and spin
transport properties of small magnetic particles, as well as of the magnetic thin lms,
which are the critical parts of hard disk platters and magnetic read heads.
Figure 1: Areal density trend since 1950. Fast increase can be observed after 1990,
which is after the discovery of giant magnetoresistance. Reprinted gure: R. Freitas,
J. Slember, W. Sawdon and L. Chiu, GPFS Scans 10 Billion Files in 43 Minutes.
cCopyright IBM Corporation 2011.
The ultimate goal of spintronics study is to manipulate spin currents in spintronic
devices with accuracy and precision, allowing faster operations, and lower energy con-
sumptions. However, major challenges of spintronics remain, including the optimization
of spin polarization and spin lifetimes of injected electrons, the detection of spins in
nanoscale solid-state systems, the transport of spin-polarized current across relevant
length scales, and the precise manipulation of spins in devices. In view of these chal-
lenges, a thorough understanding of fundamental spin dynamics in solids as well as the
eects of dimensionality, defects, and band structure in modulating the spin dynamics




0.2 Fundamentals of Spintronics
The physics behind spintronics actually has been known since the rst half of twentieth
century. In 1920s, in the Stern-Gerlach experiment, a beam of silver atoms was directed
through an inhomogeneous magnetic eld and split into two beams. This suggested that
electrons have an intrinsic angular momentum, and this intrinsic angular momentum,
being analogous to a spinning ball of charge, was later termed as `spin' of the elec-
tron. The Stern-Gerlach proved that electron spin can be quantized into two discrete
levels in the z-component of the spin-angular momentum, Sz, namely `spin-up' with of
Sz = +
~
2 and `spin-down' with Sz =  ~2 . In the mid 1930s, Mott [7] postulated that
certain electrical transport characteristics of metallic ferromagnets can be explained by
the `two currents' conduction concept. Here, the `spin-up' and `spin-down', or some-
times are also referred to `majority spin' and `minority spin', of conduction electrons
are described as two independent types of charge carriers, each with its own distinct
transport properties. In this model, spin-ip scattering is considered as suciently low
compared to other types of scattering processes, such that deections from one spin
channel to the other may be ignored. This concept is later used to explain the spin
dynamics of the ferromagnetic metals Fe, Ni, Co and their alloys [8, 9].
In order to understand spintronics, it is worthwhile to have a look at the electronic
structure origin of ferromagnetism, starting with the free electron gas picture. In the
`two current' model, both the 4s and 3d electron bands of the itinerant ferromagnets
contribute to the density of states at the Fermi level EF . The `spin-up' (majority spin)
and `spin-down' (minority spin) 3d bands experience a shift in energy due to the strong
exchange interaction which favors parallel orientation of electron spins. This energy is
called the exchange splitting energy. A ferromagnetic moment, m, is created due to the
band splitting, which induces an imbalance between number of spin up (n") and number
of spin down (n#) of 3d electrons, and can be expressed as m =  (n"   n#)B=atom,
where B is the Bohr magneton. On the other hand, the conduction band is dominated
by the unsplit 4s band. Due to the unbalanced density of spin-states in 3d band at EF ,
strong spin-dependent scattering results. In between two spin-ip scattering events,
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an electron can undergo many scattering events but maintain the same spin direction.
Within this limit where no spin-ip scattering happens, electrons conduct in parallel
through two spin channels that have dierent conductivities.
Figure 2: Schematic of electron tunneling in ferromagnet/insulator/ferromagnet
(F/I/F) for Julliere's model in (a) parallel conguration (b) antiparallel conguration
of magnetizations. The lower scheme shows the corresponding spin resolved density of
the d states in ferromagnetic regions. The reduction of density of states for spin up
electrons gives rise to the high resistance in antiparallel conguration.
For early experimental works, tunneling measurements also played a key role in
spintronics study. A series of experiments conducted by Tedrow and Meservey [10{12] in
ferromagnet/insulator/superconductor (F/I/S) have unambiguously conrmed the spin
polarization of the tunneling current remains spin polarized beyond ferromagnetic (FM)
region. Based on the methodology devised by them, in 1975, Julliere had successfully
measured tunneling conductance of F/I/F (instead of F/I/S) junctions [13]. A model for
a change of conductance between the parallel ("") and antiparallel ("#) magnetization in
the two ferromagnetic layers, namely FM1 and FM2, as depicted in Fig. 2, was proposed












where conductance G and resistance R = 1=G are labelled with the parallel ("") or
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antiparallel ("#) conguration from the relative magnetizations of FM1 and FM2. This
model of Julliere was later applied to explain the spin valve eect, discovered in the
beginning of 1990s.
Spintronics depends on the spin-polarized currents for reliable transport of the infor-
mation. Thus, this demands that electrons maintain the same spin over the transport
distance. While spin-polarized currents can be sustained in magnetic materials, within
non-magnetic materials, the electrons experience spin-ip scattering, which causes them
to lose their spin orientation/polarization. The length scale over which the electrons re-
main polarized, called the spin diusion length (SDL), is thus of particular importance
for spintronic devices (see Fig. 3). Spin-ip scattering is known to occur in dierent
ways. At high temperatures, most of the scattering is caused by electrons interacting
with phonons. At lower temperature, scattering is caused by impurities, defects and
boundaries of the material. SDL is generally much larger than mean free path [6, 14],
and in Valet and Fert's seminal paper [6], they derived macroscopic transport equations
to describe the spin transport starting from the Boltzmann equation. They justied
their derivation in the limit that the SDL is relatively long compared to its mean free
path of a particular material. However, an experiment [15] showed that Valet and Fert's
Figure 3: An illustration of dierent transport length scales and its corresponding
electron transport characteristic. L refers to the device dimensions, and lF ; lMPF ; l;
and lsf , refer to Fermi-wavelength, mean free path, phase relaxation length and spin
diusion length, respectively. Ballistic transport occurs when L< lMFP , where electrons
experience elastic collision without losing their momentum. Diusive transport occurs
when L lMPF , where the electron momentum is not conserved. lsf characterizes how
long an electron can travel in a diusive conductor before its initial spin orientation
is randomized. To maintain the spin coherence, the device dimensions must be kept
smaller than lsf . Generally in metals, lMPF  lsf .
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derivations are able to explain the experimental results even for magnetic multilayers
with SDL comparable to the its mean free paths. Later a study has veried that Valet
and Fert's approach is accurate in this limit, for both isotropic and anisotropic spin-ip
scattering [16].
0.3 Giant Magnetoresistance(GMR) and Spin Valve
The 2007 Nobel Prize in physics was awarded to Albert Fert and Peter Grunberg for
their discovery of giant magnetoresistance (GMR) [4,5]. GMR is a quantum mechanical
magnetoresistance eect observed in a structure with alternating layers of ferromagnetic
and non magnetic thin lms. Depending on whether the magnetization of adjacent
ferromagnetic layers are in parallel or antiparallel conguration, a signicant change
in the electrical resistance can be observed. The overall resistance is low for parallel
conguration and high for antiparallel conguration. Later, this concept led to IBM's
development of the spin-valve read head, which enabled a tremendous increase in the
areal density of magnetic hard disk drives.
The expansion of hard-disk recording owes much to the development of spintronics in
the early 1990s, for example, the GMR spin valve. A spin valve is a device that exploits
the GMR eect in order to function as a magnetic sensor in hard disk read head. It can
also function as magnetic storage cell elements as in Magnetoresistive Random Access
Memory (MRAM). Fig. 4 shows a schematic diagram of the spin valve in a trilayer
structure consisting of two FM layers, which sandwich a non-magnetic (NM) metal
spacer layer. The `two current' representation is shown below the schematic diagrams
(Fig. 4). The spin currents pass through the spin valve perpendicularly to the trilayer
lm, and this type of spin valve is known as a `current-perpendicular-to-plane' (CPP)
[17{19] spin valve. This geometry (see Fig. 5(a)) leads to higher magnetoresistance
(MR) value, and is also of great value in studying the physics of spin injection and spin
accumulation [6] of the materials in a magnetic multilayer system. A simple resistor
model can be used to illustrate the GMR eect in a spin valve. The resistors represent
the resistances that electrons of dierent spins experience as they traverse through the
7
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Figure 4: Spin valve eect. (a) Schematic representation of the spin valve in parallel
conguration. (b) Schematic representation of spin valve in antiparallel conguration.
multilayer spin valve. When the two magnetic layers are in parallel (P) magnetizations
conguration, the spin-down electrons will experience high resistance, while the spin-up
electrons can pass through the spin valve unscattered, resulting in a low overall resistance
(Fig. 4(a)) to the spin current. When the two magnetic layers are in antiparallel (AP)
conguration, both the spin-up and spin-down electrons undergo collisions in the spin
valve, hence resulting in a high resistance to the current (Fig. 4(b)). The MR ratio is
then dened as R=R = (RAP  RP )=RAP .
As a matter of fact, there are two congurations in which a spin valve can operate.
Figure 5: Schematic representation of (a) the current perpendicular to plane (CPP)
(b) the current in plane (CIP) geometry.
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One of them has been described in the text above, which is the CPP conguration, while
the other is described as the current-in-plane (CIP) conguration [20{23] (Fig.5(b)). As
the names suggest, the dierence between these two congurations lies in the direction
of the current ows in the spin valve. The above discussion is applicable only to the CPP
conguration in which the critical length-scale for the magnetic phenomena is the SDL.
The physics involved in CIP conguration is rather dierent, and the critical length-
scale in this case is the mean free path. Experimental results showed that the MR of
CIP conguration is several times smaller than that of CPP conguration [19,24]. From
engineering perspective, this fact renders CPP conguration to be more useful than
CIP conguration in spintronic applications. Also, CPP conguration is more relevant
to current spintronic devices. Thus, the study in this thesis will only focus on the CPP
conguration.
There has been extensive theoretical research into spin-polarized transport in metal-
lic, as well as hybrid magnetic (metal-semiconductor) multilayer nanostructures to ex-
plain the observed GMR eect. Indeed, following the seminal discovery of the GMR
eect, the theoretical study of spin transport in the CIP geometry was initiated by
Camley et al. [25], based on the Boltzmann equation model. Subsequently, Valet and
Fert [6] simplied the Boltzmann equation to the spin diusion and the two-current mod-
els, in order to calculate the GMR ratio in the CPP geometry. The spin drift-diusion
(SDD) equations have actually been used in an earlier paper by van Son et al. [26],
to study spin transport at interfaces between a FM and NM thin lm layers. It was
postulated that at the interface between FM and NM layers, there is a spin-split in the
electrochemical potentials, , which can be ascribed to an interfacial resistance(IR).
Later, the eect of IR on spin injection was also studied [27,28]. Based on these studies,
it was suggested that highly spin selective IR with high resistive values such as tunnel or
Schottky barriers may be used to overcome the conductance mismatch problem [29,30],
which strongly suppresses spin injection eciency from a FM metal into a semiconduc-
tor. All these studies are useful in modeling the experimental demonstrations of spin
phenomena, such as GMR, spin injection, and spin transfer torque. Theoretical un-
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derstanding of these eects is crucial in order to optimize the magnetic multilayers for
potential applications in future spintronic devices [2, 3, 31].
0.4 General Theory of Spin Injection
The theory of spin injection at FM/NM junctions will be described in this section based
on the framework of the spin drift diusion equation. Spin injection in FM/NM junctions
was initially studied in detail by Johnson and Silsbee [32], van Son et al. [26], Valet and
Fert [6], and others. Here we consider electrons ow along the x direction in a geometry
consisting of a metallic ferromagnet (region x < 0) and a non-magnetic metal (region
x > 0) (see Fig. 6), with the two regions forming an interface at x = 0.
There are three characteristic resistances per unit area which determine the spin
polarization injected into the NM region. Namely, these are the interface resistance
Figure 6: An illustration of spatial variation of the electrochemical potential at the
ferromagnetic/non-magnetic(FM/NM) junction. The interface is marked at x = 0. The
spin resolved electrochemical potential ("; #, solid line) and the average electrochem-
ical potential (dash line) are discontinuous at the interface. The spin accumulation,
 = "   #, decays away from the interface and into the bulk region, and is char-






(IR), R0, and the two characteristic resistances, RF and RN of the FM and NM regions,
respectively. There are two limiting cases corresponding to the transparent limit, which
are the low-transmission limit, RC ! 0, and the low-transmission limit, RC  RN ; RF .






where e is electron charge,  =" is for majority spin or spin up,  =# is for minority
spin or spin down,  is spin-resolved conductivity, and  is (non-equilibrium) electro-
chemical potential, for spin . For a degenerate conductor, the Einstein relation can be
used to relate  and D,
 = e
2ND; (3)
where  = "+ # and N = N"+N# is the density of states. As for the charge current,
j, is dened as j = j" + j# = constant, while the spin current is dened as js = j"   j#,
which is position dependent. The current polarization, Pj , is dened as Pj = js=j. The
spin accumulation, , is expressed as  = "   #, and it follows that the average
electrochemical potential, 0, is expressed as 0 = (" + #)=2.  is used to explain







where the spin diusion length (SDL), lsf = ( Dsf )
1=2, with the spin-averaged diusion
coecient D = (#D" + "D#)=, and sf being the average spin relaxation time. The
decay of  away from the interface, is characterized by the corresponding spin diusion
length, lsf
F (x) = (0)ex=l
F
sf ;





with the superscript F(N) refers to FM(NM) region. In the NM region, the preceding
equations are simplied to  = =2, and D = D.
The boundary conditions at the FM/NM interface, in the absence of spin-ip scatter-
ing, are obtained by considering the continuity of the spin current across the interface,
i.e., jF (0
 ) = jN (0
+). Also, unless the FM/NM interface is highly transparent, 




 (0)  F (0); (6)
with r being the spin-asymmetric interfacial resistance. The spin-asymmetric interfacial
resistance is dened as
r"(#) =
2RC
1 + ( ) ; (7)






The preceding SDD equations serve as the fundamental frameworks for further SDD
model study in CPP spin valve in later chapters.
0.5 Spin Transfer Torque and Magnetic Random Access
Memory
One of the key elements in the operation of a spin valve is the ability to control the
relative orientation of FM1 and FM2 (Fig. 2). In 1996, Slonczewski [33] and Berger [34]
independently predicted the spin transfer torque (STT), which can be used to switch the
relative orientation of FM1 and FM2 layers. In the trilayer spin valve structure, when
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the current ows through a FM layer, it becomes spin polarized, and remains so in the
neighbouring NM layer. When the spin currents ow into subsequent magnetic layers,
the angular spin momentum carried by the spin currents interacts with the magnetization
through exchange interaction. When the injected spin currents are of sucient density,
the resulting transfer of spin momentum can cause magnetization switching or induce
stable precession of the magnetization in thin magnetic layers. The ow of the spin
currents is determined by the spin dependent transport properties, such as conductivity,
interface resistance and spin-ip scattering in a particular system. Due to the exchange
interactions with local magnetization, part of the momentum carried by the spin currents
is transferred to local magnetization and leading to a torque between the spin and the
magnetization. The orientations of the magnetization is thus inuenced by the ow of
spin currents and this eect is the called STT.
The aforementioned SDD model is able to incorporate only the longitudinal com-
ponent of the spin accumulation (jj), since the spins of the carriers are assumed to
be either parallel/antiparallel to the local magnetization direction M. Such an assump-
tion holds for charge transport through a multilayer structure, in which the FM layers
are either parallel or antiparallel to one another. However, it is necessary to extend
the applicability of the spin transport model to the general case in which the relative
magnetization directions of the FM layers are at some arbitrary angle  to one another.
Another motivation for this extension is the theoretical study on the spin transfer torque
phenomenon, where it is necessary to calculate the transverse (i.e. perpendicular to the
local M) spin accumulation ?, which arises when the magnetization alignment is
non-collinear (i.e.  6= 0 or ). A nite ? is essential to generate a spin transfer
torque between the conduction electrons and the local magnetic moments, thus form-
ing the basis of the current-induced magnetization switching (CIMS) eect (see Fig.
7). Since CIMS oers a potentially useful method of magnetization switching, it has
been actively investigated in a variety of experimental magnetic nanostructures, includ-
ing pseudo-spin valve trilayers [35], exchange-biased spin-valves [36], spin-valves with
synthetic antiferromagnets, [37, 38] and magnetic tunnel junctions [39,40].
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Figure 7: Current-induced magnetization switching (CIMS). (a) A current of electrons
is injected through the thick ferromagnet, FM1, which acts as a spin plarizer, and acquire
an average spin moment along the magnetization of FM1. When the electrons enter
the thin ferromagnet, FM2, which is the free layer, the resulting s-d interaction aligns
the average spin moment along the magnetization of FM2. Due to the conservation of
momentum, the transverse spin angular momentum lost by the electrons will be absorbed
by the magnetization of FM2, which thus experiences a torque tending to align FM2
towards the orientation of FM1. (b) By reversing the current owing through the spin
valve geometry, one can induce either parallel or antiparallel conguration of the two
FMs, and thus store information in a single memory cell.
On the theoretical front, the drift-diusive model of spin transport across a multilayer
with non-collinear magnetization alignment was introduced by Brataas et al. [41] and
Hernando et al. [42]. They studied the eect of spin-mixing in the middle NM spacer
layer in the presence of an applied magnetic eld. Yu et al. [43] applied this model for
the case of a NM spacer composed of a nondegenerate semiconductor layer. Zhang, Levy
(ZL) et al. [44,45] then introduced a SDD model for noncollienar magnetization, which
extends the earlier models of Brataas and Hernando by considering the coupled dynamics
of both the accumulated spins and the local moments in the FM layers. In their analysis,
ZL evaluated both the in-plane and out-of-plane components of the spin accumulation.
In their physical model, ZL analyzed the eect of mixing between longitudinal jj and
transverse ? spin accumulations due to s-d coupling between the accumulated spins
and local moments. By relating the transverse accumulation ? to the eective torque
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on the local moments in the free FM layer, ZL also extended the pioneering works of
Slonczewski [33] and Berger [34] in modeling the spin transfer phenomenon to the SDD
regime.
STT has several potential applications. One of them is being used in information
storage devices. As ferromagnets are meta stable in multiple states below the Curie
temperature, they can be used to store data bits, and this feature has been utilized in
MRAM technology which is a kind of non-volatile memory. In MRAM, data is stored
as magnetic bits using spin valves as elementary structures (see Fig. 8). The magnetic
state of the magnetic bit is switched to the desired congurations by a magnetic eld
that exceeds the coercive force of the magnetic bit. This magnetic eld is supplied by
a current-carrying write line, and is normally referred to as the Oersted eld. However,
the long range of this eld means that it is also experienced by neighboring bits albeit
at a lower magnitude. As the areal density increases, more bits are packed into each
square inch of platter real estate, placing severe manufacturing constraints on the de-
vices as each individual bit has to be switched correctly, reliably, and independently of
neighbouring bits. In this respect, STT appears to be a potential replacement for the
Oersted eld in MRAM for the correct switching of the magnetic bits.
MRAM has many advantages over the conventional technologies, which store data
bits using electric charges, such as DRAM (dynamic random access memory), SRAM
(synchronous dynamic random access memory) or Flash memory. Both SRAM and
DRAM are volatile memory, in which data is lost when the power is switched o. More-
over, DRAM needs to be periodically refreshed to retain the stored data. On the other
hand, MRAM retains data even after the power is switched o, and this makes MRAM
a non-volatile memory. This is more advantageous compared to SRAM and DRAM.
MRAM also needs not to be refreshed periodically, thus its power consumption is lower
compared to DRAM. Flash memory does not need power to keep the data bits (hence
it is non-volatile just like MRAM). However, its reading operation is generally slower
than MRAM, while its erasing and writing process is much slower. Furthermore, Flash
memory suers from degradation each time after it is erased and rewritten, and the life
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Figure 8: Working principle of MRAM. In the basic cross-point architecture, the two
basic congurations of a CPP spin valve geometry, namely parallel (P) and antiparallel
(AP) congurations, represent the binary information `0' and `1'. During the writing
process, current pulses are passed through one line of each array, and only the current
at the crossing points is high enough to switch the magnetization of the free layer.
During the reading process, the resistance between the two lines of the addressed cell is
measured.
time of Flash memory is typically limited to around 100,000 write cycles. Compared to
Flash, MRAM does not degrade over multiple writings, and boasts a higher write speed.
MRAM can therefore oer an alternative to every type of memory currently being used.
Its speed is similar to SRAM but it is non-volatile compared to SRAM; it has similar
density but much lower power consumption compared to DRAM; it is non-volatile yet
does not suer degradation over time compared to Flash. This combination of features
suggests that MRAM is a `universal memory' to replace SRAM, DRAM and Flash.
MRAM, however, is noted for its high write-current. In this thesis, several aspects of
the spin valve properties are studied in order to optimize the performance of MRAM by
reducing the switching current.
Another possible application of STT comes from the precessional behavior observed
in certain regimes of operation, which is capable of converting a DC input current into an
AC output voltage. This phenomenon is useful for making current-controlled oscillators,




So far, the discussion on spintronics has been focused on metallic nano-structures. Nev-
ertheless, the spintronic functions can also be realized in semiconductor (SC). Electronic
properties of SC are well-understood and utilized by today's microelectronics manufac-
turing industry. For example, a high degree of miniaturization has been implemented
on MOSFET (metal-oxide-semiconductor eld-eect transistor) devices since the mid
1960s [1]. This relentless miniaturization has driven the computing and information
technology products to be ubiquitous in our everyday life. Despite its success, SC elec-
tronics now experiences a bottleneck in feature size reduction [50] due to the constraint
of fundamental physics, such as short channel eects and thin gate oxide. SC spintron-
ics thus comes as an alternative avenue for SC industry to continue to grow [50, 51]
and expand. The seminal SC-based spintronic device is the spin eld-eect transistor
(SFET) proposed by Datta and Das [52], which utilizes a gate bias modulation of its
electrical conductance - its operation is thus similar to a spintronic analog of the MOS-
FET. SC spintronics, besides being compatible to the existing SC platform [53], also
oers the possibility to achieve a seamless integration between logic and storage devices.
However, before SC spintronics can be commercialized, a number of challenges have
to be overcome. One of them is to induce spin density in a SC. This process is called
`spin-injection' and it involves creating spin currents which comprise unequal numbers of
spin-up and spin-down carriers. A second problem is to devise a means of controlling the
spin transport, spin coherence and lifetime in nano-scale dimensions. The third prob-
lem is to retrieve information from a SC-based spintronic device. This thesis dedicates
a chapter to focus on the rst issue, i.e., spin injection into SC.
In pure SC, currents are inherently unpolarized and thus spin polarized currents
within a SC can be generated only externally, e.g. via current injection, or by optical
means using circularly polarized light. We focus on the former, since, for spintronics,
one would prefer an all-electrical means of generating spin current. The various spin
injection means include using (a) a diusive Ohmic contact; (b) 100% polarized injectors,
such as half-metals; (c) tunnel injectors and (d) a magnetic semiconductor structure as
17
Introduction
spin-injector. According to Schmidt et al., spin injection into SC from FM metals with
partially spin-polarized carriers in diusive regime is extremely inecient due to the
conductance mismatch between FMmetals and SC, unless the degree of spin polarization
in FM metals is close to 100% [29]. On the other hand, Rashba pointed out that
the use of tunnel junction for spin injection can overcome the conductance mismatch
problem associated with diusive transport [27]. It has been reported that by the use
of a Schottky barrier, room temperature spin injection into an GaAs-(In,Ga)As LED
structure is possible, with Fe being used as the injecting electrode [54].
Using a tunnel barrier as spin injector can leverage on the existing technologies
used in the fabrication of magnetic tunnel junctions. In this approach, an insulator
(I) layer, commonly an oxide layer such as Al2O3, or MgO, is inserted in between FM
and SC layer, forming an FM/I/SC structure. Here, the magnetic properties can be
controlled by engineering the metal/insulator interface. This interface will be more
thermally stable compared to direct FM/SC heterostructures [55,56]. Using this kind of
structure, spin injection at room temperature can be achieved using a standard FM/I/SC
technology [57, 58]. An experimental study also showed that FM/I/SC provides higher
spin injection eciency than FM/SC heterostructure [59].Thus, the discussion in this
thesis will focus on the study of how a tunnel barrier, specically a Schottky barrier,
aects the spin injection in a FM/I/SC structure.
0.7 Objectives
The main objective of this thesis is the mathematical modeling of the spin transport
and spin dynamics in nano-scale structures. In particular, we will analyze the interfa-
cial eects in spin transport (Chapters 1,2), and the spin transfer torque phenomena
(Chapters 3,4,5). The modeling techniques used in this thesis are mainly based on i)
semi-classical SDD equations, and the ii) tight-binding non-equilibrium Green's Func-
tion (NEGF) method. The focus of our analysis is to comprehend the physics of spin
dynamics in nano-scale structures, with the intention to improve the performance of
spintronic devices. The works in this thesis aim to achieve the following objectives:
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(i) To study the ways in which the spin transport can be manipulated through the
modication of physical parameters or engineering designs in order to optimize
device performance.
(ii) To gain a better understanding of the spin transport in nano-scale structures by
establishing reasonable models based on realistic formalism.
(iii) To suggest ideas and designs to experimentalists to enable them to implement
improvements to existing spintronic devices.
0.8 Organization of Thesis
Figure 9: The organisation of the thesis and the related mathematical methods for
spin dynamics simulations.
The organization of this thesis (Fig. 9) is outlined below:
In the current chapter, the background of the subject of this thesis, namely spintron-
ics, is being introduced and the objectives of the research are claried. The organization
of the thesis is outlined at the end of this chapter.
In Chapter 1, we establish and extend the semiclassical SDD theory of to model
the spin transport in a CPP trilayer pseudo spin valve (PSV). We include the realistic
eects of spin ip (spin memory loss) at the interfaces, and derive the resultant spin
transport across a PSV. Based on this model, we calculate the MR based on the variation
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of key physical parameters of the PSV in order to study the eects of material and
structural properties on the MR. We present a detailed analysis on the combined eects
of interfacial spin ip and interfacial spin asymmetric scattering on MR. We also discuss
the MR dependence on spin asymmetry of interfacial scattering. Our analysis shows that
by optimizing the particular parameters, one can mitigate the MR suppressive eects of
interfacial spin ip in practical devices and achieve high MR ratio.
In Chapter 2, we introduce the theory of tight-binding NEGF and explain the fea-
tures of this formalism. We then present a theoretical description of the spin trans-
port through another type of interface, i.e., the Ferromagnetic-Insulator-Semiconductor
(FM/I/SC) interface based on a tight-binding NEGF model. The advantage of applying
NEGF over the semi-classical model is that the potential prole of the system can be
easily modeled and its eects on the spin transport process can be studied. The formal-
ism is used to study the eects of the Schottky barrier (B) on spin transport through
FM/I/SC interface. We discuss the means to modulate or control the barrier prole in
order to optimize the tunneling across the FM/I/SC interface.
In Chapter 3, we study the STT, another spin transport phenomenon which occurs
at the interfaces. We present the method to calculate STT through a generalized SDD
model. The study is focused on a magnetic multilayer with arbitrary angular deviation
between the magnetizations in the xed and free ferromagnetic layers. In this study,
we analyze the eects of spin relaxation on the STT and MR in a PSV. Our numerical
analysis indicates the important roles of both the longitudinal and transverse SDL in
the dierent layers of a PSV in inuencing the MR ratio and STT. Furthermore, the
eciency of the STT can also be enhanced by engineering the thickness of the dierent
layers and the magnetization angle of the PSV.
In Chapter 4, we investigate the eects of a capping layer on the STT and MR. The
current induced spin transfer torque and spin accumulation in the multilayer is calculated
based on a non-collinear SDD model, in which we assume absorption of transverse spin
current/accumulation in FM metals, and apply appropriate boundary conditions to take
into account interfacial resistance and the angular deviation of the free and xed layer
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magnetization. Our calculations show that the out-of-plane component, ?, of the STT
in the free layer can be enhanced by modifying the properties of the capping layer, such
as thickness, spin diusion length or resistivity (either bulk or interfacial). On the other
hand, we show that the in-plane component, jj, is insensitive to any variation of the
above capping layer parameters. We further analyze the signicance of these ndings on
spintronic devices which utilize the jj component to achieve a spin-transfer switching
(e.g. a MRAM based on PSV structure) and those which utilize the ? component (e.g.
current-induced switching in MTJ or spin torque oscillators).
In Chapter 5, we study another form of spin torque, which is induced by Rashba
spin orbit coupling in a single ferromagnetic metal layer. This form of spin torque
is dierent from the conventional Slonczewski spin torque as it does not require spin
injection from a FM reference layer. The eects of the two critical parameters which
inuence the Rashba induced spin torque, which are the Rashba strength constant (R)
and the exchange splitting () respectively, are analyzed through a tight-binding NEGF
numerical calculations. Based on the NEGF model, various transport parameters of the
system, such as the eective current induced eld (Heff ) due to the spin torque, and
the spatial distribution of the spin current and spin accumulation are analyzed in detail.
We show that the presence of an eective Heff of the order of 1 T=10
7 Acm 2, makes
the Rashba-induced spin torque feasible option to achieve magnetization switching in
future spintronic applications.
Chapter 6 concludes this thesis with a summary of the main outcomes and recom-
mendations for future work.
0.9 Methods
One of the objectives in this thesis is establishing the mathematical models to simulate
the spin transport and spin dynamics in nano-scale structures (see Fig. 9). Here a
overview of the SDD and NEGF models built for the spin transport simulations will be
given.
The SDDmodels does not requires extensive computational resources and is probably
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the most simple yet eective and ecient method for simulating the spin transport
in nano-scale devices. SDD models have been deployed extensively in explaining the
experimental results and making theoretical prediction [4,9,17,19,29,30,60{65]. In this
thesis, SDD models are deployed in Chapter 1, 3 and 4.
In Chapter 1, we rst focus on the spin ipping eect on the FM/NM interfaces.
The SDD model is built by modeling the spin ip eect as the loss of spin current in
the boundary conditions which govern the injection of charge and spin currents between
two dierent materials. The model is able to reect the inuence of spin ip on MR of
a pseudo spin valve and provide design guidelines to implement a high MR system.
In Chapter 3, the SDD model is extended by including the non-collinear congura-
tions in order to study the eects of the device physical parameters on the STT. The
model allows the magnetization angle(the angle between the xed FM and the free FM),
the layer thickness, and the spin relaxation to be varied and their eects on MR and
STT to be observed. This provides some ideas on how the physical parameters could
aect the magnitude of the STT, and also guidelines on how the STT can be maximized,
thus minimizing the critical switching current.
In Chapter 4, we extend the SDD model to further include the out-of-plane com-
ponent of the STT. This model reveals the eects the physical parameters of the cap-
ping layer have on both the in-plane and the out-of-plane STT. This study helps to
nd/design a capping layer with properties that can maximize the STT, or reduce the
critical switching current.
The NEGF method is very eective for studing the quantum eects, such as tun-
nelling, scattering, spin-orbit coupling, electron distribution and so on, in nano-scale
structures [66{76]. In this thesis, NEGF has been deployed in Chapter 2 and 5.
In Chapter 2, NEGF is used to study spin injection/detection in FM-I-SC system
through tunnelling across the Schottky barrier. The potential prole of the Schottky
barrier is calculated with a phenomenological formula and empirical physical parameters.
This model is able to reect the eect of the physical parameters on the potential prole
of the Schottky barrier, which in turns aect the spin transport across the Schottky
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barrier. Through this model, the charge/spin currents and spin polarization can be
evaluated in a FM-I-SC system.
Finally, in Chapter 5, STT in a two dimensional electron gas (2DEG) system which
incorporates the FM exchange splitting and the Rashba spin orbit coupling is studied
with NEGF. Study is focused on how the interaction of the exchange splitting and the
Rashba spin orbit coupling could inuence the strength of STT in a single layer FM
system. The Rashba STT eciency is evaluated, and other phenomena such as electron
density distributions and spin Hall eect are also studied.
The mathematical models in this thesis are built based onMathematica R version
4.1.0.0 by Wolfram Research and MATLAB R version 7.10.0 by MathWorksTM.
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Interfacial Resistance and Spin Flip Eects in a Spin Valve
1.1 Interfacial Spin Flip in Spin Valve
Interfacial eects in current perpendicular-to-plane (CPP) magnetic multilayer devices
have been studied with great interest for over a decade due to their crucial role [6,24,60]
in inuencing the spin transport and magnetoresistance (MR) of the device. Specically,
controlling the interfacial resistance (IR)   which is a measure of electron scattering at
the interface   is key to increasing the spin polarization of current and MR of these
devices, as has been demonstrated theoretically [6, 60] and experimentally [24, 77, 78].
Another process that can occur at the interfaces is spin depolarization due to spin
ipping. In this Chapter, we study the spin ip eects in addition to the IR of a PSV,
in order to investigate the interplay between these two physical parameters. Interfacial
spin ipping is not readily amenable to experimental measurements. Previous attempts
to measure it [61] have yielded inconclusive data, which show wide variation dependent
on the preparation method of the interfaces and show wide variation with experimental
conditions. However, more recent experiments have been more successful in determining
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the extent of interfacial spin ipping process [65,79,80].
1.2 Theory and Model
We start by constructing a spin drift diusion (SDD) based theoretical model for a mul-
tilayer CPP spin valve, which incorporates the eect of nite spin ip at the interfaces.
The interfacial spin ipping leads to discontinuities in both the spin accumulation and
the spin current at the interfaces, which can be formally integrated into the model by
modifying the boundary conditions.
We consider a basic ferromagnetic/non-magnetic/ferromagnetic (FM1/NM/FM2)
trilayer structure, as shown in Fig.1.1. The thickness of the FM1/NM/FM2 layers
are set at typical values of 5, 3, and 5 nm, respectively. The equations governing the












where the subscript  represents spin up/spin down (" = # ) orientation, j is the current
dentsity perpendicular to device plane, and  is the electrochemical potential. In the
FM layers, the spin dependent conductivities are given by "(#) = (=2)  (1 + ( )).
Figure 1.1: Schematic diagram of FM1-NM-FM2 pseudo-spin-valve trilayer structure,
with current ow in the CPP direction.
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 is the spin-split in the electrochemical potential arising from spin accumulation, and
is dened as "   #. For simplicity, the charge e is taken to be 1 in this Chapter. The
general solution for spin-accumulation i(x) in each layer i can then be written as:











We solve for the coecients Ai and Bi by applying the boundary conditions governing
i(x) and js at each interface x = xi between layers i and (i + 1), and also at the
terminal ends of the device. The IR between two adjacent layers leads to a discontinuity
in the spin-dependent electrochemical potential, i.e.:
 1
2
[jis(xi) + j(i+1)s(xi)]ris = (i+1)s(xi)  is(xi); (1.4)
where the spin-asymmetric interfacial resistances are given by:
r"(#) =
2R0
1 + ( ) ; (1.5)
where  =
r# r"




total IR (in unit of resistance-area). From Eqs. ( 1.4) and ( 1.5), we can express the








Spin ipping at the interfaces [81] gives rise to the discontinuity of the spin current, which
is dened as j = j"   j#. Thus, the spin polarization of current on the left and right
sides of interface i , i.e. i and (i+1), respectively, need to be determined. The spin-up
and down currents on the left side of the interface can be expressed as: ji" = ji(xi) and
ji# = j(1 i(xi)), where x = xi is the location of interface i. A similar set of equations
apply on the right side of the interface. With the above relations, and considering the
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To study the interfacial spin ip eects, we represent the spin ipping process at the
interface by an eective resistance RSF . RSF is inversely related to the ease at which
spin current ips its spin state, i.e. a low RSF equates to a high spin ip probability.






= RSF [(ji"(xi)  ji#(xi))  (j(i+1)"(xi)  j(i+1)#(xi)]
= RSF (ji(xi) j(i+1)(xi)): (1.8)
Since the spin accumulation can be considered quenched at the terminals, based on ap-
proximations in Ref. [82,83], we obtain the terminal boundary conditions of 0(L0) = 0
and 3(L3) = 0 . With the boundary conditions in Eqs. (1.5)-(1.8), we can solve for
the coecients Ai, Bi, and i, and hence j(x) for each layer. From these values, the
electrochemical potential (x) in each layer is determined by integrating Eq. (1.1).
Finally, the MR is obtained by repeating the calculations for the antiparallel magneti-
zation alignment for the FM layers. The calculation of j(x), (x) and the overall MR
can be calculated following Ref. [84{86]. Having evaluated all the contants in all layers,





By applying all the boundary conditions, the constants of the integration of Eq. 1.9
can be determined. The above analysis, as represented by Eqs.(1.1){(1.9), is carried out
for both P and AP conguration. For the AP conguration, the magnetization of FM2
is antiparallel with FM1, therefore the spin-up electrons will experience the majority
spin conductivity " in FM1 and minority spin conductivity # in FM2. With this, we
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where RAP (RP ) refers to the overall resistance in the AP(P) conguration. We assume
a constant current across the device, so that the electrochemical potential drop across
the device varies with magnetization conguraion. With the spin accumulation set as
zero at both terminals, and electrochemical potential as zero at the the right terminal
of the device, i.e., (L3) = 0, we have the relation:
R / (L0); (1.11)





With the above formalism, we are ready to perform numerical calculations.
1.3 Results and Discussion
In our numerical calculations, unless otherwise stated, we assume the FM layers are made
of CoFe, with conductivity of CoFe = 6:25 106
 1m 1, intrinsic spin polarization of
conductivity of CoFe = 0:4, and SDL of lCoFe = 15 nm [87]; while the NM layer is made
of Cu, with conductivity of Cu = 3:5  107
 1m 1, and SDL of lCu = 350 nm [62].
The resistance-area (RA) of the FM layers is given by RF = dF =F , with dF being the
thickness of the FM layer.
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1.3.1 The Eects of Interfacial Spin Flip Resistance on Interfacial Re-
sistance
We rst analyze the relationship between MR and the interfacial resistance, R0, assum-
ing a constant spin-asymmetry ratio of  = 0:7. As shown in Fig. 1.2, in Region I,
the MR ratio is not aected by the variation of R0. In this Region, the spin injection
contributed by R0 is smaller than the bulk resistance RF of the FM layers. Since RF is
the major contributor to MR, the MR trend in Region I is almost at and independent
of R0.
In Region II, a further increase in R0 causes its contribution to become comparable
or greater than that due to RF . The range of R0 obtained from the experimental data
ranges from several tens of m
 m2 to several hundreds of m
 m2 [17, 88{90], which
is the range covered by Region II. The R0 of spin valve is often 2 to 3 order smaller
compared to the RA of the magnetic tunnel junction(MTJ). The RA of MTJ normally is
more than several 
 m2 [91{95], and will not be analyzed by SDD due to its tunnelling
nature. Due to the higher interfacial spin asymmetry  compared to the intrinsic spin
Figure 1.2: Logarithmic plot of MR ratio as a function of interfacial resistance, R0, for
dierent interfacial spin ip resistance RSF .
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polarization CoFe of the bulk FM layer, the MR ratio will correspondingly increase with
R0. However, this increase in MR does not occur indenitely. The MR will peak at a
certain optimum R0 before steadily decreasing to zero as R0 is increased, as shown in
Region III. This decrease has been discussed previously [60,83], and may be attributed to
spin ipping induced by an extremely large R0 in order to avoid a high resistance path.
In the presence of interfacial spin ipping, i.e. nite RSF , due to e.g. spin-orbit coupling
interactions or magnetic impurities at the interfaces, the MR ratio is suppressed at all
values of R0, as expected. However, the extent of MR suppression by RSF is dependent
on the value of R0. At low R0, the eect of RSF on the MR ratio is small, as shown
in Region I of Fig. 1.2. The eect of RSF becomes most prominent in Region II, where
the MR is maximum in the absence of interfacial spin ipping. For instance, when R0
increases from 0:1 to 100 m
 m2, a decrease in RSF from 10 m
 m
2 to 0:1 m
 m2,
causes a reduction in the MR ratio by close to 20%, (compared to Region I, the drop
is only  7%),thus clearly showing the detrimental eects of RSF to MR. A nite RSF
will also cause the optimum R0 corresponding to maximum MR to be shifted to lower
R0 values.
In Region III, the eect of RSF on MR declines signicantly again in line with the
overall decrease in MR. In view of the fact that practical CPP within Region II, the
eect of RSF in this resistance range is of particular relevance for device optimization.
Our analysis shows that within Region II, a high R0 should be avoided as it lowers MR,
increases the overall RA, and amplies the eect of RSF . The spin valve devices should
also be designed such that most of its MR contribution comes from bulk scattering within
the FM layers, so as to reduce the device susceptibility to interfacial spin ipping.
It is noted that for values of RSF equal to or larger than 10
2 m
 m2, all MR curves
overlap, as if there is no spin ip in the system; and when RSF is equal to 10
 2 m

m2, the MR ratio is virtually zero. From a practical point of view, the values of RSF
should be within the range of 10 1 to 101m
 m2. Moreover, the simulated MR ratios
displayed within this range of RSF also are similar to the experimental values, which are
about a few percent to tens of percent. The spin ip probability, Pflip, is often expressed
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as Pflip = 1   exp( F=N ), where F=N is a parameter that determines the degree of
spin ip. If we dene F=N as the ratio of R0=RSF , a smaller ratio will contribute to a
smaller Pflip. With this denition, it also reects the fact that a large R0 contributes
to a higher Pflip, which is depicted in our simulation. It is reported [96] that CoFe=Cu
is 0:56, and R0(CoFe=Cu) is 1:6m
 m
2, we could estimate RSF (CoFe=Cu) to be 2:9m

m2. This provides a viable way to quantify the degree of spin ip by the expression of
RSF in the magnetic multilayers structure.
1.3.2 The Eects of Interfacial Spin Flip Resistance on Spin Asymme-
try of Interfacial Scattering
Next we study the eect of spin asymmetry of interfacial scattering () on MR, under




m2, respectively. As shown in Figure 1.3, (at intermediate values of R0) the
MR ratio may increase or decrease with R0, depending on the relative values of  and the
intrinsic spin polarization  of the FM layers. When  = 0:2 (i.e. smaller than ), the
increase of R0 causes a decrease in MR, while when  = 0:4 (i.e. the same as ), the MR
trend shows a plateau. The MR ratio increases signicantly with R0 to some maximum
value only when  exceeds , (i.e.  = 0:7). These trends may be explained in terms
of the competition between R0 and RF in contributing to the overall spin asymmetry.
If the intrinsic spin polarization of the interface is weaker than that of the bulk, an
increase in R0 will thus lower the spin polarization of current injected into the NM
layer. Conversely, when the intrinsic spin polarization at the interface exceeds that in
the bulk, the spin asymmetry in R0 is the dominant factor in determining the MR ratio,
and thus MR increases with R0. The presence of interfacial spin ip (i.e. nite RSF )
does not alter the above trends. In Fig. 1.3(a), both sets of MR curves corresponding to
high (RSF = 10
 1 m
m2) and low (RSF = 104 m
m2) spin ipping show the same
overall dependence on . However, there is a marked suppression (almost a ve-fold
reduction) of MR for the high spin ip case of RSF = 10
 1 m
m2.
Recently, there are many spin injection studies done on half-metallic Heusler alloys,
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(a)
(b)
Figure 1.3: (a) Logarithmic plot of MR ratio as a function of interfacial resistance R0,
for dierent values of spin asymmetry ratio, . The solid lines correspond to RSF = 10
4
m
m2, while the dotted line with RSF = 10
 1 m
m2. (b) MR ratio as a function of
R0 in the absence of any bulk or interfacial spin ipping, i.e. with RSF and lsf tending
to innity.
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for eg, Co2MnSi (CMS), Co2MnGe, and Co2FeAl0:5Si0:5, as this kind of alloys are pre-
dicted to be highly polarized. In fact, high MR ratio has been reported in spin valves
with half-metallic Heusler alloys [97{100], with MR ratio as high as 41.7% [101]. How-
ever, debate is on which parameter contributes to the high MR ratio, as some claim
that the high MR ratio originates from the high spin polarization (i.e. ) of the Heusler
alloys [98,101,101], while some claim that the interfacial scattering spin asymmetry (i.e.
) is the key contributor [99, 100]. The simulation here may shed light on this matter
by showing how  and  interacts with each other. When  is as high as , the high
MR ratio could be the combination eect of both  and , and it may not be possible
to pinpoint which one is the dominant factor for the high MR ratio.
Finally, we consider the MR dependence on  in the total absence of spin ipping
in both the bulk and at the interfaces (i.e. both lsf and RSF tend to 1). As shown
in Fig. 1.3(b) the MR curves have the same dependence as before, but without the MR
suppression at extremely high R0. This is because the induced spin ip due to large R0
only occurs when lsf is nite. Previously in Region II, analysis indicates large R0 tends
to amplify the eect of RSF , and suppress MR ratio. But as RSF tends to 1 (no spin
ip), the large R0 does not suppress MR anymore. This clearly indicates that interfacial
spin ip is undesirable.
1.4 Conclusion
In this CPP-MR model, two specic interfacial parameters are studied, namely the inter-
facial resistance, R0, and interfacial spin ipping represented by an eective resistance,
RSF . We investigated how the interplay between R0 and RSF aects the overall MR.
Our analysis shows that the degree of MR suppression by RSF is closely related to the
value of R0. Thus by optimizing the R0 value, one can make the device less suscepti-
ble to interfacial spin ip and thereby improve the MR ratio. Finally, the presence of
suciently strong interfacial scattering (i.e. R0) can enhance the MR ratio if its spin
asymmetry  exceeds that of the bulk FM layers. The presence of interfacial spin ip
(i.e. nite RSF ) does not alter the overall MR dependence on , but leads to a signicant
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suppression of the MR ratio.
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CHAPTER 2
Spin Current Injection through a
Ferromagnetic-Insulator-Semiconductor Junction
2.1 Spintronics and Semiconductors(SCs)
As we know that the spin degree of freedom holds promise for the next generational
high-speed and low-power electronic devices. At present, most of the existing spin-
tronics devices are based on metallic ferromagnetic(FM) systems, such as spin valves
and magnetic tunnel junctions. On the other hand, a wealth of intriguing spin trans-
port phenomena have been observed in semiconductors (SCs), e.g., long spin coherence
length [102, 103], carrier-mediated ferromagnetism [104, 105], transverse spin-Hall ef-
fect [106{108], and modulation of spin polarization via electric eld [109, 110], current
density [111], or crystal strain [112, 113]. Much research eort is underway to utilize
these eects in future device applications. Indeed, compared to metals, SC materials
aord us a greater degree of freedom in terms of material engineering, e.g., by modu-
lation of the carrier type, doping concentration, band-gap, or lattice constant (strain
engineering). A key step in the realization of SC-based spintronic devices is the e-
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cient injection of spin current into a SC layer which is usually non-magnetic. Direct
spin injection from a FM into a SC material is inecient due to the large conductance
dierence in the two regions. In order to achieve an appreciable spin injection eciency,
one requires tunneling through a potential barrier [27,28] or an insulator at the FM-SC
interface, as has been experimentally demonstrated in the case of Fe/GaAs [54] and
Fe/AlGaAs [114] Schottky contacts.
To build upon these initial ndings, it is essential to develop an accurate model
of the microscopic spin transport at the FM/SC interfaces. Several theoretical models
[60, 115, 116] have been formulated to study the spin injection through the FM/SC
interface, based on the spin diusion or tunneling transport formalisms. A drawback
of these models is that the SC layer is described as having spatially at energy bands.
This assumption thus neglects the band bending property, which is an essential feature
of Schottky barriers at the metal/SC interfaces.
Hence, in this Chapter, we theoretically study the spin transport in a ferromag-
netic/insulator/semiconductor (FM/I/SC) system, taking into consideration the spatial
prole of the Schottky barrier which develops in the depletion region. We analyze both
the spin injection current from the FM to SC layers under a reverse bias, and the spin
detection current in the opposite direction under a forward bias. The overall electro-
statics of the system is rst evaluated in order to determine the Schottky barrier prole.
Subsequently, we implement the tight-binding lattice non-equilibrium Green's function
(NEGF) method, which yields the Green's functions of the conduction electrons in the
system. The lattice NEGF method is chosen because it can incorporate (i) the spatial
variation of the Schottky potential via discretization, and (ii) the eects of the coupling
to the leads as self-energy terms. Based on the NEGF formalism, one can then calcu-
late the spin and charge currents, which are expressed in terms of the various Green's
functions, and the coupling matrices between the FM lead and the SC layer. Finally,
by varying the material and biasing parameters which aect the Schottky barrier pro-
le (e.g. doping concentrations, built-in potential, etc.), we can optimize the eects of
the Schottky barrier on the spin polarization of tunneling current across the FM/I/SC
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system.
The Chapter is organized as follows: First, we present a brief introduction to NEGF
in Sec. 2.2. In Sec. 2.3 we present the model Hamiltonian of the FM/I/SC system
and the NEGF formalism used to calculate the spin current. In Sec. 2.4 we present
and discuss our numerical results, paying special attention to the optimization of the
spin current under varying material and biasing parameters, which aect the Schottky
barrier prole. Finally, in Sec. 2.5, we summarize our main ndings.
2.2 Introduction to Tight-Binding Non-Equilibrium Green's
Function
2.2.1 Why Non-Equilibrium Green's Function(NEGF)
In Section 2.2.1, a brief introduction to the NEGF formalism, and the key formulae used
to calculate the observables in a transport system will be presented. Since the dawn of
nanotechnology, the advancement in nanofabrication has enabled various kinds of nanos-
tructures to be fabricated, for example, quantum wires, quantum dots, carbon nanotube,
carbon nanoribbon, molecular devices, and so on. The dimensions of the nanostructures
have become so small that the classical drift-diusive equations are insucient to de-
scribe and model their electron transport dynamics. In order to accurately comprehend
and gain the insight into the physics of electron quantum transport dynamics in nanos-
tructures, it is essential to adopt a quantum approach to study the electron transport
of a nanoscale system, since certain quantum phenomena such as energy quantization,
gauge invariance, symmetry-breaking, and so on, could not be captured by the semi-
classical drift-diusion models. In the mesoscopic transport regime, the electron phase
is conserved and transport dynamics is highly inuenced by the quantum nature of elec-
trons. In view of this, we have adopted NEGF [66, 71, 117] to model electron transport
at the atomic level. The NEGF formalism provides a powerful conceptual and compu-
tational framework to study quantum transport in nanostructures. It is also feasible to
include inelastic scattering and strong correlation eects at the atomistic level, besides
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adopting the Landauer approach for ballistic, non-interacting electronics [69]. There
are many modern nanostructures have been studied by applying the NEGF formalism,
for example, carbon nanotubes [118, 119], nanowires [70, 120], atomic/molecular con-
tact [121,122], and so on. For our purpose in the study of the spin injection through the
F-I-SC junctions in this Chapter, the key advantage of the NEGF formalism over the
semi-classical drift-diusion equations or the quantum wave-function and ux matching
method is that we do not need to know the eigenstates explicitly in order to evaluate
observable quantities. This makes it easy to incorporate arbitrary potentials into the
SC segment, which could render it dicult, if not impossible, to evaluate the exact
eigenvalues. By using the NEGF formalism, it would be easy to control the prole of
the potential in the Schottky barrier region in order to observe its eects on the spin
injection process.
2.2.2 NEGF Formalism
The Green's function method is a powerful and general tool that gives the response at
any point of the system due to an excitation at any other. We start the discussion of
the NEGF formalism with a physical picture here. We consider the system of study
in three parts, namely the two contacts (i.e. left/right leads), and the central region.
The electrons in the contacts are viewed as noninteracting and treated as an overall
self-consistent potential, namely the self-energy, . At time t =  1, the contacts and
central region are decoupled, and each region is in thermal equilibrium. The occupa-
tion of each state in each region, which is determined by an equilibrium distribution
function, remains unchanged. Slowly, the couplings between the dierent regions are
then established and achieves full strength at t = 0. In non-equilibrium situations, the
system is allowed to evolve from  1 to the time of interest, t0, and then to continue
their time evolution from t = t0 back to t =  1. The advantage of this approach is
that a well-dened state in which the system was prepared at t =  1 would dene all
the expectation values. The physical picture described above is illustrated schematically
in Fig. 2.1.
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2.2.2.1 Matrix Representation for Tight-Binding NEGF
Figure 2.1: Schematic of a device divided into three regions, i.e. left and right contacts
(blue) and the central region (yellow). The central region is descretized into lattice
sites labeled from 1 to N, with intersite distance `a'. The binding energy between two
neighbouring sites is labeled as `t'. The coupling between the contacts and the central
region is treated as self-consistent potential, namely self-energy, Rp , where p can either
be left (l) or right (r) contact.
In Fig. 2.1, each part of the device is regarded as an isolated system containing
the unperturbed eigenstates. The central region is discretized into nite number (N) of
discrete site with lattice distance a, while the contacts, sometimes also referred to as
reservoirs, extend semi-innitely to the left and right of the central region with the same
discretization. Next, we address the question of how the Green's function is calculated,
for an arbitrarily shaped conductor. The retarded Green's function, GR, is dened as
below:





where H is the Hamiltonian operator, r is the spatial coordinates, A is the arbitrary
vector potential, U is the arbitrary electrostatic potential, e is the electron, and m is
electron mass. i is an innitesimal imaginary part added to the energy, with  > 0 for
GR. This imaginary part makes the advanced Green's function, GA, grow indenitely
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and ensures that GR is the only acceptable solution. Similarly, GA is dened as
[E  H(r)  i]GA(r; r0) = (r  r0); (2.2)
with  > 0. The two Green's functions are related to each other as follows:
GA = [GR]y: (2.3)
To give a physical account of GR and GA, let us consider a simple one-dimension (1D)
Figure 2.2: (a)Illustration for retarded Green's function, GR, and (b) advanced Green's
function, GA, on an innite 1D wire.
conductor with a constant U and zero vector potential. A general Green's function is
dened as [E  H(x)]G(x; x0) = (x  x0), and looks just like the Schrodinger equation,
namely [E  H]	(x) = 0, except for the source term (x   x0) at the right side of the
equation. The Green's function can be viewed as the wavefunction at x resulting from a
unit excitation applied at x0. Physically, such an excitation source is expected to generate
two solutions, one is with waves traveling outwards from the source of excitation, while
the other one is with incoming waves disappearing at the point of excitation (see Fig.
2.2). The two solutions are referred to as GR and GA respectively. Both of them satisfy
Eq. 2.1, but correspond to dierent boundary conditions. GR corresponds to outgoing
waves from the source, while GA corresponds to incoming waves far away from the
source.
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Next we will see how to calculate the GR for an arbitrary shaped conductor, as GA
could be determined based on the relation in Eq. 2.3. Basically, we need to solve the
dierential equation in Eq. 2.1 for arbitrary U(r) and A(r). To solve a dierential
equation like Eq. 2.1, it is common to discretize the spatial coordinate to change GR
into a matrix, that is GR(r; r0) ! GR(i; j), where the indices i; j denote points on a
discrete lattice. Thus, Eq. 2.1 becomes
[(E + i)I  H]GR = I; (2.4)
where [I] is the identity matrix. It follows that GR is obtained by inverting the matrix
[(E + i)I  H]. It is obvious that
GR = [(E + i)I  H] 1: (2.5)
In order to write down Eq. 2.4 in matrix form, we start with a simple 1-D structure
without any magnetic eld. The 1-D structure is discretized with a lattice constant a
as shown in Fig. 2.1. In 1-D, with the vector potential set to zero, the Hamiltonian
operator simplies to





where 	(x) is any wavefunction. Using nite dierence approximation, by choosing a









+ Uj	j : (2.7)
where 	j represents 	(x = ja) and Uj represents U(x = ja). The rst derivative of 	










[	j+1  	j ] :
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f	j+1   2	j +	j 1g:
With this approximation, Eq. 2.7 can be written as
[H	]x=ja = (Uj + 2t)	j   t	j 1   t	j+1; (2.8)








Ui + 2t if i = j
 t if i and j are nearest neighbors
0 otherwise
Thus, the explicit matrix form for H is
H =
0BBBBBBBBBB@
    t 0 0 0
 t U 1 + 2t  t 0 0
0  t U0 + 2t  t 0
0 0  t U1 + 2t  t
0 0 0  t   
1CCCCCCCCCCA
:




Ui + zt if i = j
 tij if i and j are nearest neighbors
0 otherwise
where z is the number of nearest neighbors (z = 2 for a 1D linear chain and z = 4
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for a square lattice, or two dimensions (2D) system). The `tij ' term is the coupling
strength between nearest neighbors, and its expression is ~2=2ma2 for a 1D linear chain,
as shown above. When there are other interactions present in the system, for example,
vector potentialA, spin-orbit coupling, and so on, its form could change. We will address
this when the need arises.
2.2.2.2 Truncating the matrix
It seems straightforward to solve Eq. 2.5 by simply taking the inverse of the matrix, but
there is a problem: the H matrix has an innite dimension! This is because the system
is an open system connected to contacts/leads which stretch to innity on both sides. If
the matrix is truncated at some points, the system eectively becomes a closed system
with reecting boundaries, and not an open system without any reecting boundaries
anymore. Thus, the truncation needs to be performed in a careful manner.
Eq. 2.5 can be generalized into a three-region device (see Fig. 2.1), and expanded
into the following form:
266664
E  Hl lc 0
cl E  Hc cr






377775 = I: (2.10)
Here, the sub-matrix [E  Hl(r)] is (M M) innite matrix that represents the left
(right) contact from site 0 (N + 1) onwards to the left (right) remote end, and the
sub-matrix [E  Hc] represents the central region spanning from site 1 to site N , with
dimension of (NN). lc (rc) is the coupling matrix between the left (right) contact and
the central region, with dimension of (M N), and cl (cr) is the transpose conjugate
of lc(rc). By performing matrix multiplication, we can obtain the following relations
from Eq. 2.10:
(E + i  Hl)Glc   lcGc = 0;
(E + i  Hr)Grc   rcGc = 0: (2.11)
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where gRl = (E + i   Hl) 1 and gRr = (E + i   Hr) 1 are the (M M) matrices
represents retarded Green's function of the isolated left and right contacts, respectively.
With a few straightforward steps, we arrive at
(E  Hc   clgRl lc   crgRr rc)Gc = I )
Gc = (E  Hc   Rl   Rr ) 1; (2.13)
where Rl = clg
R




r rc are (N  N) matrices, which are called self-
energies of the two contacts. The self-energies of the contacts can be interpreted as the
perturbation eects experienced by the propagation electrons in the central region due
to coupling to the adjacent sites on the contacts immediately to the left and right of the
central region. From hereon, we will use the retarded Green's function, GR, to replace
Gc used for the illustration above. In a 1D linear chain model, 
R
l(r) is related to the
surface Green's function, gRl(r), of the isolated leads, which can be expressed analytically
as gRl(r) =
 1
t exp(kl(r)a), where kl(r) can be determined by single-band dispersion relation
E = U1(N)+2t(1 cos kl(r)a). The arbitrary potential U1(N) is the potential at site j = 1
(N) site in the central region.
An important concept can be dened by the relation
A = i[GR  GA]; (2.14)
where A is called the spectral function. The trace of the spectral function represents
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The `Tr' operation sums over all the diagonal terms in the matrix. Also, the diagonal




A(r; E) =   1

Im[GR(r; E)]: (2.16)
Another important quantity is the linewidth function  p, which is dened in terms






 p is a function describing the coupling of the conductor to the leads. The transmission,








We also need two other functions, namely the in-scattering function (lesser self-
energy), <, and the out-scattering function (greater self-energy), >, in order to de-
termine the lesser and greater Green's functions, namely G< and G>, which contains
information on the electron and hole densities in the system. To obtain the lesser and
greater self-energy, it is assumed that each lead p is maintained at a local equilibrium,
which is described by the Fermi distribution function fp(E). The scattering functions
are given by
<p (E) = fp(E) p(E);
>p (E) = (1  fp(E)) p(E): (2.19)
After obtaining the scattering functions, it follows that the lesser and greater Green's
45
SPIN CURRENT INJECTION THROUGH A
FERROMAGNETIC-INSULATOR-SEMICONDUCTOR JUNCTION
functions are dened as:
G< = GR<GA;


















The scattering functions with subscript p arises from the interaction with lead p, while
those with subscript  arises from phase breaking interactions within the central region.
However, for our study purpose,  would not be needed, thus will be set to 0 in the
formalism.






dE T (E)(fr(E)  fl(E)); (2.22)






is the transmission, and fl(fr) is the Fermi










   (E)pG<(E)	 : (2.23)
The essential formalisms for tight-binding NEGF have been established above. We
are ready to utilize the NEGF approach to study the spin transport in a FM/I/SC
junction.
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Figure 2.3: Energy band-diagram of a FM/I/SC system with a Schottky barrier in the
SC region. The parameters depicted in the diagram are: 1 = conduction band oset at
the FM/I interface, c = conduction band oset at the I/SC interface, B = Schottky
barrier height, bi = built-in potential, 2 = B + c, EF = Fermi level, VA = applied
bias, and tF ; tI and WD = thickness of the FM, I and depletion region, respectively.
2.3 Theory and Model
When a SC layer is brought into contact with a FM metal, the dierence in the chemical
potentials of the two materials induces a redistribution of charges. At equilibrium, the
balance of electrostatic forces prevents further motion of the charges, and the Fermi levels
(EF ) of both sides are equalized. At the same time, the aforementioned movement of
charges leads to the formation of a space charge region (depletion region) in the SC, and
causes the band-bending of the conduction and valence bands. As a result, a Schottky
barrier is formed at the FM/SC interface, whose height B is given by the dierence
between the conduction band minimum of the SC at the interface and EF .
A Schottky barrier forms a natural tunnel barrier between FM/SC contact, whose
moderately high resistance is useful for overcoming the conductance mismatch problem.
However, for certain semiconductors, e.g. germanium (Ge), strong Fermi-level pinning
close to the valence band edge contributes to an excessively high Schottky barrier height,
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which suppresses the magnitude of the tunneling spin current from the FM to the SC
region. This problem can be circumvented by either heavy doping of the SC region
near the interface to reduce the depletion width WD, and enable signicant tunneling
of electrons through the depletion region [114], or inserting an ultrathin layer of oxide
(such as Al2O3), which acts as an insulator (I), between the FM and SC. The latter
method serves a dual purpose: i) to partially depin the Fermi level in order to lower
the Schottky barrier height, while at the same time, ii) maintaining a moderately high
spin-dependent resistance to resolve the issue of the conductance mismatch between the
FM and SC regions.
Fig. 2.3 depicts the energy band diagram of the FM/I/SC tunnel junction under
consideration. The applied source-drain bias is denoted as VA, the Fermi level as EF ,
the conduction band oset at the FM/I interface as 1, the conduction band oset at
the I/SC interface as c, the Schottky barrier height as B, and the built-in voltage as
bi. The thickness of the FM, I, and the depletion region of the SC is denoted by tF , tI
and WD, respectively. In the spin injection mode, a reverse bias (positive VA) is applied
so that the electron ux is traveling from the FM to the SC layer through I, whereas in
the spin detection mode, a forward bias (negative VA) is applied so that electron ux is
in the opposite direction, i.e. from the SC to the FM layer.
We have discussed the general NEGF formalism in Section 2.2, here we go through
some details in numerical calculations. In performing the numerical calculations, we
dene the central region comprising of three dierent materials, namely Fe, Al2O3 and
GaAs, and discretize it into lattice sites with lattice constant a. We consider the elec-
tron's kinetic energy (KE) in the injector (Fe), which can be expressed as















where Ex and Ey are the transverse components, Ez is the longitudinal component
along the propagation direction, ~ is the reduced Planck's constant, and kx;y;z are the
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wave vector components. The eective mass in the injector is taken to be the free
electron mass me. We assume ballistic transport across the device, so that the total







2meE sin =~, where  is the angle between the electron motion and
the applied eld direction (z-direction). Since the device consists of dierent materials,
the electron eective mass varies across the dierent layers, and may be expressed as
m = jme, where j is the material-dependent coecient corresponding to site j. Due
to the dierent eective masses involved, the longitudinal component of the KE (Ez)
changes as the electron travels from one layer to another. Thus, in layer j, it can be
expressed as:
Ezj = E  
~2k2?
2mj










The longitudinal component of the KE for the dierent sites goes into the diagonal
elements of the retarded Green's function matrix GR of the central region, i.e.:
GR =
266666664
Ez1  Hc1   l  t 0 0 0




. . .  t




where Hcj = 2t + Uj , with Uj being the localized potential at the lattice site j (n.b.
the function U(j) traces out the Schottky barrier prole). In Eq. (2.26), t is the tight-
binding energy between adjacent discrete sites, which is given by t = ~
2
2ma2 [66, 69].
If there is a change in the eective mass between adjacent sites i and j, then the





2 . Note that in Eq. (2.26), only the
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terminal diagonal component of the left (right) lead's self-energy matrix Rl(r) contribute
to the retarded Green's function of the central region, i.e., 11l = tlg0t






r , where tl(r) and g0(N+1) are, respectively, the components of lc(rc) and ~g
l(r)
at the interfacial points between the lead and the central region. As an approximation,
we adopt the at-potential surface Green's function for the semi-innite left (right)
lead, which is analytically given by g0(N+1) =  (1=t) exp(ikl(r)a), where kl(r)a can be
determined using the single-band dispersion relation [69]:





The Schottky barrier prole follows the band bending in the depletion region. This is










where "s is permittivity for the semiconductor (GaAs), ND the doping density, kB the
Boltzmann's constant and T the temperature. The depletion region of the SC layer is
then discretized into NSC lattice units, where NSC =
WD
a , rounded up to the nearest
integer. The band-bending prole corresponding to the depletion region at each lattice
site has a parabolic dependence, i.e. [123]:









where j = 0; 1; : : : ; NSC denotes the lattice sites along WD. Here, j = 0 denotes the
lattice site at the Al2O3/GaAs interface, while j = NSC denotes the lattice site at the
end of WD.
Based on the NEGF formalism, the spin current with no admixture between the two









(fl   fr )( 11GR1N NNGAN1); (2.30)
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where  11 = i(
R
l   Al ) and  NN = i(Rr   Ar ) are the coupling between the leads
and the central region, A is the device cross sectional area,  is the index for spin
(" = #) , and GA (advanced Green's function) is the Hermitian conjugate of GR. In
Eq. (2.30), fl(r) = 1=(1+ exp(E  l(r)=kT )) is the Fermi distribution factor, where the
electrochemical potentials l and 

r are given by

"(#)
l = EF + ( );
"(#)r = EF + ( )+ VA; (2.31)
with  = ("   #)=2 being half of the spin splitting. In order to focus on the eects
of the Schottky barrier on the spin transport, we assume negligible spin relaxation in
the tunnel barrier and the semiconductor.
The discrete summation in Eq. (2.30) can be approximated to a smooth integration






dkxdky, where A = LxLy is
the cross-sectional area of the device. Thus, Eq. (2.30) can be expressed in the form
compatible with the Landauer formula, i.e.:







(fl   fr )T (E): (2.32)






N1 can be regarded as the transmission probability across
the central region. Expressing the transverse wave vector components kx and ky in polar
coordinates, we have:










(fl   fr )T (E);






dE(fl   fr )T (E): (2.33)
Finally, by using k2 = 2m
E
~2 , we have





E sin (fl   fr )T (E)ddE: (2.34)
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In the above, the integration with respect to energy is performed over the energy window
l < E < 

r , where the bulk of the transmission occurs.
2.4 Results and Discussion
In the model, the FM, insulator and SC materials are assumed to be Fe, Al2O3 and
GaAs, respectively. We assume the eective electron mass m for Fe, Al2O3 and GaAs
to be respectively, 1.0, 0.25 [124] and 0.063 in units of me, the free electron mass, and
the temperature T = 300 K. The conduction band oset, 1, for Fe/Al2O3 is set at
3:0 eV [125], and that between Al2O3 and GaAs, c, is set at 1:68 eV [126], while the
Schottky barrier height B at the Fe-Al2O3 interface is set at B = 0:72 eV [127]. For
both 1 and 2, we take EF = 0 eV as reference. The height of the barrier on the SC
side, 2, (see Fig. 2.3) is given by the sum c+B+VA = VA+2:4 eV. Under application
of an applied bias VA, the band bending prole is modied following Eqs. (2.28) and
(2.29). In determining the band bending prole, we assume the following parameter
values (unless otherwise stated): bi = 0:4 eV, ND = 10
24 m 3, and "s = 13:1 "0, where
"0 is the vacuum permittivity. In the NEGF calculations, the lattice constant of the
spatial discretization is set at a = 2:5A, and the thickness of the Al2O3 layer is set at
tI = 1 nm. Within the FM leads, we assume a typical value of  = 5 meV for the
spin-split in the electrochemical potential [128].
2.4.1 Schottky Barrier and Current Density
With the above parameters, we calculate the current density, J , which is given by the
sum J = j" + j#, and the spin polarization of current, which is given by the ratio
P = (j"   j#)/(j" + j#). First, we consider the eects of the following material and
device parameters on J : i) conduction band oset at the Fe/Al2O3 interface (1), ii)
Schottky barrier height (B), iii) carrier doping density (ND) and the iv) built-in voltage
(bi). Figs. 2.4(a) and 2.4(b) show the calculated current density J as a function of the
applied bias VA, for varying 1 and B. We rst consider the forward biasing condition,
i.e., the spin detection mode with VA < 0. At small negative VA, J is extremely small
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Figure 2.4: Calculated current density J as a function of applied bias voltage, VA,
when the following parameters are varied: (a) FM/I conduction band oset, 1, (b)
Schottky barrier height, B, (c) doping density in the SC layer, ND, and (d) built-in
potential, bi.
due to the negligible transmission probability across the wide depletion region and into
the FM region. As VA becomes more negative, there is a sharp increase in J , as shown
by the steep gradient in the J   VA plot. The initial large increase in current is due
to the decrease in the width of the depletion region, and the increase in the electron
kinetic energy which enables greater thermionic emission of electrons into the FM lead.
However, as VA becomes more negative, the current density begins to saturate, and
hence the gradient of the J   VA curve reduces.
When the system is under reverse bias (i.e., the spin injection mode with VA > 0),
the current density is small at low positive VA, due to the depletion region which presents
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a high potential barrier and thus suppresses the injection of electrons from FM into SC
region. The only electrons that tunnel through the oxide layer are thermal electrons
emitted over the Schottky barrier. As VA becomes increasingly positive, the potential
barrier associated with the depletion region is pulled downwards, thus increasing the
tunneling probability and the spin current injected into SC region. However, the increase
in the current density is not as steep as that which occurs in the spin detection mode
for negative VA, since the major transmission mode here is tunneling.
We now consider the eect of barrier heights 1 and B. As expected, high 1
and B tend to suppress the magnitude of the injected current in a monotonous man-
ner. Thus, it is desired to have a moderate 1 and B to obtain an appreciable spin
injection/detection. Of the two, our calculations show that the eect of B is more
prominent, i.e. the Schottky barrier is more critical at suppressing the spin current.
Experimentally, it has been shown that the Schottky barrier height can be eectively
modied and the tunnel spin polarization improves with the lowering of B [59,129{131].
Thus, by engineering a lower B for example, by using low-work-function FM (relative
to SC) or certain interface treatments, one can eectively enhance the spin injection of
a FM/I/SC system.
Next, we study the eects of the doping density, ND, and built-in potential, bi, on
the current density, J . As shown in Fig. 2.4(c), the slope of the increase J with VA in
the forward bias range (i.e. VA > 0) is generally larger for lower doping density, ND,
of the SC layer. To account for this trend, we note that the depletion width, WD, is
a function of both ND and VA, as can be seen from Eq. (2.28). At low ND, WD and,
hence, the potential prole of the depletion region becomes more strongly dependent
on VA. The greater sensitivity of the depletion region potential on VA translates into a
steeper slope of the J   VA curve for lower ND values. Another trend which is evident
is the increase in J with higher doping concentration for both the spin detection and
spin injection modes. This trend results from the twofold eects of increasing ND: (i)
reduction of the depletion region width, as implied by Eq. (2.28), and (ii) lowering of
the barrier potential, as implied by Eq. (2.29). Both eects lower the tunnel resistance
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and thus increase the slopes of J under forward and reverse biases.
The eects of the built-in potential bi on J are shown in Fig. 2.4(d). It can be seen
that bi has contrasting eects on the spin injection and spin detection currents. In the
spin detection mode (i.e. VA < 0), both J and the slope of the J   VA curves decrease
monotonically with increasing bi. To account for these trends, we note that both the
width of the depletion region WD, and the height of the Schottky barrier as seen from
the SC side are functions of (bi   jVAj). Thus, the J   VA curves are displaced to the
left (i.e. to lower VA) as bi is increased. The curves that are displaced more to the left
(corresponding to higher bi) tend to have lower J and lower gradients. This is because
at a xed VA, an increase in bi will result in a higher barrier for electron transport
from the SC to the FM layer, and hence a lower J . The rate of increase in the current
will also be lower (smaller gradient) since the current will ultimately saturate at a lower
value.
On the other hand, in the spin injection case (i.e. for VA > 0) where electron
transport is from the FM to SC region, there is an initial decrease in J with increasing
bi. This is due to the larger width of the depletion region [see Eq. (2.28)], which thus
suppresses the tunneling current from the FM layer. However, with a further increase in
the reverse bias VA, the opposite trend occurs, i.e. the spin injection current increases
with higher bi. This may be explained by considering the energy diagram in Fig. 2.3.
When VA exceeds the amount  = (B bi kBT=q), part of the potential prole of the
depletion region gets pulled below the Fermi level EF . Hence, the eective width of the
tunneling barrier is reduced. For larger values of bi, a smaller VA is required to exceed
, and hence a larger current is obtained. Due to these opposing trends at higher and
lower values of VA, the J   VA curves will be steeper for higher bi. Additionally, there
is a cross-over point where the J   VA curves, corresponding to two dierent values of
bi, intersect. For instance, for the curves corresponding to bi = 0:3 eV and 0:5 eV, the
crossover occurs at VA  0:1V . At this point, the suppression of J due to the increase of
the depletion region widthWD is more than compensated by the increase in J due to the
reduction of the potential barrier in the depletion region, as can be deduced from Eqs.
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(2.28) and (2.29). Theoretically, bi is dependent on the doping concentration and the
band-gap. However, it has recently been demonstrated that experimental methods, such
as focus ion beam milling, can also be used to engineer bi in a controlled manner [132].
Thus, it may be feasible to fabricate an asymmetric structure with a high bi at one end
for ecient spin injection, and a low bi at the other, for enhanced spin detection.
2.4.2 Schottky Barrier and Spin Current Polarization


























































































Figure 2.5: Calculated spin polarization as a function of applied bias voltage, VA, when
the following parameters are varied: (a) FM/I conduction band oset, 1, (b) Schottky
barrier height, B, (c) doping density in the SC layer, ND, and (d) built-in potential,
bi.
Next, we consider the eects of various parameters on the spin polarization of the
system. As shown in Fig. 2.5(a), the spin polarization is little aected by 1, which
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is the conduction band oset of FM and the tunnel barrier. The spin polarization is,
however, strongly dependent on the applied voltage VA. At low forward bias (VA < 0),
the transmission probability of spin-up electrons through the tunnel barrier is distinctly
higher than that of the spin-down electrons, owing to the higher (lower) chemical po-
tential of the former (latter). This results in a high spin polarization of current at low
forward bias. As the forward bias increases, the contribution of thermionic emission to
the overall electron transport begins to dominate, with the result that the transmission
probability of both spin-up and spin-down electrons become comparable. Hence, the
dierence between j" and j# starts to decrease, and so does the spin polarization. For
the spin injection mode (i.e. VA > 0), the dominant transport process is via tunneling
through the interfacial and Schottky barriers. As the reverse bias increases, the lowering
of the Schottky potential causes a rise in both j" and j#. However, the increase in j"
exceeds that of j#, so that the spin polarization P increases with VA (in contrast to the
trend for the spin detection mode).
As shown in Fig. 2.5(b), P also increases monotonously with decreasing Schottky
barrier height B, in the typical range of 0:6 < B < 0:8 eV. This is consistent with
the fact that the presence of Schottky barrier gives rise to an additional resistance,
which is detrimental to the spin polarization due to the conductance mismatch [128].
The trend of decreasing spin current with increasing B is also in line with a subsequent
experimental study [133], which demonstrated an improvement in the magnetoresistance
with a lower Schottky barrier height. Hence, in the FM/I/SC system considered here,
one should have a moderately low B, so as to enhance both the current density J and
the spin polarization P of current. By contrast, in the case of a Schottky barrier system
with a direct contact between the FM and SC layers, where interfacial resonant states
play a signicant role, the spin polarization tends to increase with B [134]. We next
consider the eect of doping density ND on P [see Fig. 2.5(c)]. A high ND suppresses
the spin polarization, although it increases the spin injection and detection currents by
reducing the Schottky barrier potential and the depletion width WD. Hence, there is
a trade-o between spin current density and spin polarization P in a FM/I/SC system
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when one modies the doping density of the SC layer. In fact, one study [129] points
out that for a xed Schottky barrier, too much doping will reduce the MR of a FM-I-SC
system, and for heavily doped semiconductor, it is essential to have a lower Schottky
barrier in order to achieve maximum MR. There is also experimental study which shows
that spin lifetime reduces with heavy-doping of the SC [135]. Finally, as shown in Fig.
2.5(d), P increases monotonously with the built-in potential bi. This trend could be
attributed to the increase in WD, which results in a greater spin asymmetry of current
across the depletion region.
One notices that in Fig. 2.5(b), with B = 0:6 eV, the spin polarization P drastically
increases at a reverse bias of around VA = 0:2 eV. Similarly, in Fig. 2.5(d), when
bi = 0:5 eV, there is also a signicant increase in P at a similar reverse bias of VA = 0:2
eV. This may be explained by considering the aforementioned large increase in the
reverse current J at around VA =  = (B   bi   kBT=q). The increase in current
J is accompanied by an increase in spin polarization P . This is because the sharp
increase in J occurs at a slightly lower bias for majority (spin up) compared to that
for minority (spin down) electrons, due to the split in the Fermi level  as a result
of spin accumulation in the FM lead. In Fig. 2.5(b), the sharp increase in P is only
observed for the lowest value of B considered (i.e. for B = 0:6 eV). This is because the
corresponding threshold is approximately   0:2 eV (noting that bi is set at 0.4 eV).
For the other two larger values of B of 0.72 eV and 0.8 eV, the threshold lies outside
the range of ( 0:2 < VA < 0:2 eV) considered in Fig. 2.5(b). Similarly, in Fig. 2.5(d),
the signicant rise in P can only be observed for the highest value of bi considered (i.e.
for bi = 0:5 eV). For the other two smaller values of bi of 0.3 eV and 0.4 eV, the value
of  and hence the start of the rise in P occurs beyond the range of VA considered in
Fig. 2.5(d). Thus, by modulating the dierence between B and bi, one can potentially
optimize the spin polarization of current in the spin injection mode.
The discussions and results above showed that in order to achieve an appreciable
degree of spin injection and spin detection, optimizing the Schottky barrier prole of
the magnetic tunnel contacts to silicon is an eective approach. Many studies of the
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contact properties of the FM-I-SC system have been done [136{140], and all of these
studies have shown that FM-I-SC system is feasible for spin injection/detection as MR
could be measured for the system. A few viable and eective methods based on the
above have been designed to show that room temperature spin injection/detection can
be achieved by engineering the spin tunnel contacts of the FM-I-SC system. A few
key ndings related to the spin injection/detection at room temperature via a modied
Schottky barrier will be briey discussed here. There have been approaches that involve
the modication of the interfaces in order to lower the Schottky barrier, either on the FM
side or the SC side of the tunnel oxide. Introducing a layer of FM material (for eg, Gd in
Ref [129]) with low work function between the tunnel barrier and the ferromagnet, will
reduce the eective work function of the magnetic electrode. This essentially reduces the
Schottky barrier height. Treating the Si surface with Cs prior to tunnel oxide deposition
has also been shown to lead to a suppression of Schottky barrier [141]. This approach
has the advantage that the FM electrode is not modied, so a high spin polarization
at room temperature can be obtained. There are a few other studies on the FM-I-SC
system which also show that, by engineering the interface properties of the Schottky
barrier [135, 142{144], spin injection/detection can be achieved at room temperature.
All in all, engineering optimization of the Schottky barrier in the FM-I-SC is promising
towards realizing spintronics.
2.5 Conclusion
We have presented a theoretical description of spin polarized transport in a FM/I/SC
structure which incorporates a Schottky barrier. The transport model is based on the
NEGF formalism, which has several advantages, i.e., in enabling us to: i) systematically
model the transmission across the interfaces of the structure, (ii) incorporate the eects
of the semi-innite leads as self-energy terms in the Green's functions, (iii) accommo-
date any arbitrary potential prole across the barrier region, and (iv) readily extend
the transport model to include other forms of interactions, such as electron-phonon cou-
pling, as additional self-energy terms. Based on the transport model, we proceed to
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study the eects of various material and interfacial parameters, which aect the Schot-
tky potential prole, and hence the spin transport in the system. As expected, high
Schottky barrier suppresses the injected current density, owing to the high and broad
potential barrier to tunneling. Thus, to have an appreciable current density, it is nec-
essary to have low or moderate Schottky barrier height, which may be attained e.g.,
by introducing specic atomic species at the interface, or by using low-work-function
ferromagnets. High doping concentration can also reduce the Schottky potential and
the depletion width, thus reducing the tunneling resistance for the spin injection and
detection. Furthermore, it is found that low (high) built-in potential bi enhances the
spin detection (injection) current from the FM to SC (SC to FM) layer. As for the spin
polarization P of current, it is found that low Schottky barrier B and high bi can op-
timize this parameter. However, the FM/I conduction band oset does not have much
eect on the spin polarization, whilst high doping density tends to suppress P although
it leads to an increase in the current density. In summary, we have analyzed the eects
of material parameters and the Schottky barrier prole on the spin transport across a
FM/I/SC structure, and suggested some possible ways to optimize the spin transport
in such a system.
60
CHAPTER 3
Spin Transfer Torque Study through Noncollinear Spin Drift
Diusion Model
3.1 The Necessity of Noncollinear Model
Slonczewski [33] and Berger [34] pointed out that a torque is exerted on the local mag-
netic moments in a multilayer spin valve when a spin-polarized current ows perpen-
dicularly through it. In non-collinear spin valves, where the magnetization alignment is
non-collinear (i.e.  6= 0 or ), a nite transverse (i.e. perpendicular to the local mag-
netization M) component of the spin accumulation ? is induced. This is essential
in generating a spin transfer torque (STT) between the conduction electrons and the
local magnetic moments, and thus forms the basis of the current-induced magnetization
switching (CIMS) which has been actively investigated in PSV trilayers [35], exchange-
biased spin-valves [36], and spin-valves with synthetic antiferromagnets [37, 38]. A spin
valve basically consists of a ferromagnetic/non-magnetic/ferromagnetic (FM/NM/FM)
trilayer sandwich. There are two important applications for current perpendicular-to-
plane(CPP)-type spin valves, i.e. as magnetic sensors in high-density magnetic storage,
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and as memory elements in a magnetoresistive random access memory (MRAM) device.
Both applications rely on the giant magnetoresistance (GMR) eect [4, 5], and as such
the CPP conguration is advantageous as it is capable of achieving higher magnetore-
sistance (MR) ratio, compared to the current-in-plane conguration [78,145]. Addition-
ally, in MRAM applications, the STT eect can potentially be utilized for achieving
CIMS [36,38,146,147].
Theoretically, Zhang, Levy and Fert (ZLF) developed a spin drift diusion (SDD)
model to study the STT in non-collinear systems [44,45]. The model considers the cou-
pled dynamics of both the accumulated spins and the local moments in the FM layers.
In their analysis, ZLF evaluated both the in-plane and out-of-plane components of the
transverse accumulation ?. The MR ratio is analyzed based on the well-established
SDD model [6, 27{29, 84, 148]. The SDD model accounts for the inuence of the con-
ductivity i, spin asymmetry of conductivity i=i, and SDL lsf of each layer i, on
the spin-dependent transport. However, a major limitation of the conventional SDD
model is that it applies only for collinear magnetization alignment, i.e. where the mag-
netization of the two FM layers are either parallel( = 0) or antiparallel ( = ) to one
another. This is because the primary variables involved are the electrochemical poten-
tials ";#, which are for spins aligned along or antiparallel to the local magnetizationM.
In this Chapter, we extend the SDD model for the non-collinear case, by considering the
spin accumulation vector , with components jj and ? which are longitudinal
and transverse to the local M. It is essential to extend the model for the non-collinear
case because perfect alignment or anti-alignment of the FM magnetization only occurs
at high saturation elds.
We present a generalized drift diusive model which combines features of both the
ZLF model and previous SDD models [6, 26] developed by Valet and Fert (VF) for
collinear magnetization. The model allows the ready calculation of the spin current and
accumulation in a spin-valve multilayer structure, with the application of appropriate
boundary conditions. We utilize the model to numerically analyze the eect of spin
relaxation in the various layers on the STT and MR in the device. The structure of this
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Chapter is as follows. We rst introduce the non-collinear SDD equations which relate
the three ux quantities i.e. the charge je, transverse spin js;? and longitudinal spin js;jj
currents to the gradients of three variables, i.e. electrostatic potential , longitudinal
jj and transverse ? spin accumulations. We then apply the SDD equations under
appropriate boundary conditions to a spin valve multilayer with an additional capping
layer. By solving all the unknown constants, we analyze the numerical results and
discuss the eects of physical and geometrical parameters in the various layers on the
overall spin transport characteristics of the spin valve.
The non-collinear SDD approach is even more crucial for the modeling of the CIMS
eect, because this eect requires the presence of the transverse spin accumulation
? [44,45,149], which is neglected in the conventional SDD theory. We propose biasing
the magnetization of the FM layers of the magnetic trilayer at some intermediate angle 
to one another, rather than the conventional collinear conguration, and the reduction
of critical switching current due to this kind of conguration are supported by other
studies [150{152]. This is because (i) the STT vanishes when the magnetization of the
FM layers are fully collinear [153], which necessitates the presence of random thermal
or ampere eld-induced uctuations to break the collinear symmetry and initiate the
CIMS eect; (ii) by varying the angular divergence , the STT can be optimized to
achieve the minimum critical current density jc for CIMS. This is crucial in practical
devices, since a low current density can reduce the risk of problems such as excessive
heating and electromigration. Therefore, we will investigate the dependence of max
(corresponding to maximum torque) on the trilayer geometry and material, and hence
predict the optimal design of CIMS-based MRAM devices.
3.2 Theory
In a ferromagnetic metal, the conductivity being experienced by the free electrons de-
pends on the angular orientation of their spins relative to the local magnetization direc-
tion M. In the case of non-collinear magnetization, the conductivity can be expressed
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S^  () (3.1)
where I^ is the 22 unit matrix, S^ the vector of Pauli spin matrices and 0 () are the
spin-independent (spin-dependent) part of the conductivity. Physically,  denotes the
dierence in conductivity experienced by the majority and minority spin electrons. Since
the conductivity assumes its maximum value when the spin of the conduction electron
is oriented parallel to the local magnetization M, the spin dependence of conductivity








s^  (D) (3.2)
where D = D(M=Ms) denotes the spin dependence of the diusivity. For FM mate-
rials, the ratios =0 and D=D0 are generally dierent, due to the spin dependence
of the density of states. The charge and spin transport are respectively driven along
the potential and spin accumulation gradients by ^ and D^. According to the ZLF [44]
















Figure 3.1: Schematic diagram of a FM1-NM-FM2-Cap pseudo-spin-valve structure.
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Note that in Eq.(3.3) and in the rest of the Chapter, the units of charge e and spin
B are taken to be 1, unless otherwise stated. The charge current je is taken to be a
constant value throughout the device (i.e. for all x). By eliminating (@=@x) from the











We now apply the ZLF model on a PSV multilayer structure, consisting of a xed
FM1 layer, a NM spacer, a free FM2 layer, and a capping layer as shown in Fig.3.1. We
assume a non-collinear magnetization orientation i.e. with the magnetizationM1 of the
xed FM1 layer in the vertical z-direction, while that of FM2 (M2) is rotated by some
arbitrary angle  in the y-z plane relative to M1. To solve the coupled equations of Eq.
(3.3), we express the ansatz for the longitudinal and transverse spin accumulations in
the four regions (k = 1; 2; 3 and 4, corresponding to the xed FM1, spacer NM, free








In Eq. (3.4), Lk refer to the position of the right boundary of the three layers [refer to
Fig. 3.1], while l
(k)
sf jj and l
(k)
sf? are the spin diusion lengths for transverse and longitudinal





sf?, but they assume very dierent values in the FM1 and FM2 layers. In these layers,
the longitudinal relaxation length lsf jj is given by lsf jj =
p
1  (=0)(D=D0)lsf 
lsf [44] where lsf is the spin-ip length. It was found that lsf? is usually much shorter
since the relaxation process involves both spin ipping and precessional motion of ?
about the local magnetization M, so that lsf? =
p
2hD0=Jsd, [44] where Jsd is the s-d
coupling energy between the conduction electrons and the local moments. Jsd is of the
order of 10 20 J, which translates into lsf? of between 1 to 2 nm.




jj(?) in Eq. (3.5), we need to apply an
equal number of boundary conditions (b.c.'s). The rst set of 4 b.c.'s are applied at the
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terminals of the PSV device, i.e. at x = 0 and x = L4, where both longitudinal and
transverse spin accumulations vanish, i.e.
1jj(?)(0) = 
4
jj(?)(L4) = 0: (3.6)
The above ensures that all conduction electrons, regardless of spin orientation, experi-
ence the same potential drop across the device. Another set of 6 b.c.'s are obtained by
considering the continuity of the transverse and longitudinal spin accumulations across






jj(L2)] cos    [2?(L2)] sin ;
3?(L2) = [
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In the above, the reference spin orientation in the NM layer is set along the z-
direction, similar to that in the FM1 layer. At the NM-FM2 interface, since the local
magnetization orientation in the FM2 side is along an oblique direction, the components
of the spin accumulation in the NM side are rst resolved along the rotated spin axes
before application of the boundary conditions. In Eq. (3.7), we have assumed clean
interfaces with no interfacial spin-selective scattering events. We have also assumed no
spin ipping at the interfaces. In a practical device, a nite amount of spin ip and
spin scattering may occur at the interfaces [81], and in principle these can be readily
incorporated into the model. The nal set of 6 b.c.'s are derived based on the continuity
of the spin currents js;jj and js;? across the interfaces, which are analogous to that
of spin accumulations, i.e. with jj, ? replaced by js;jj, js;? respectively. Once




jj(?) are determined through the aforementioned
b.c.'s, we can then obtain the spatial distribution of the spin accumulation and the spin
currents across the spin valve.
Next, in order to calculate the magnetoresistance (MR) ratio of the device, we need to
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evaluate the spatial distribution of the electrostatic potential (x). This can be obtained
by integration of the rst relation of Eq. (3.3), so that the electrostatic potentials are
given by:






jj (x) + C1;3;
2;4(x) =  ( jex
20
) + C2;4: (3.8)
The constants of integration C1;2;3;4 can be determined by applying the potential con-
tinuity and terminal boundary conditions: 1(L1) = 2(L1); 2(L2) = 3(L2); 3(L3) =
4(L3); 4(L4) = 0. Subsequently, we can evaluate the total potential drop  =
(0)  (L4), and the resistance-area (RA), which is given by RA() = =je. Finally,
the MR ratio is obtained from the relation: MR = [RA() RA(0)]=RA().
Based on the fact that the STT is equal to the gradient of the spin current, we can
relate it to the average ? over the thickness tCo2 of the free layer. Thus, the strength
of the in-plane spin torque  is given by:

















Assuming a hcp crystal structure for Co (with lattice constants a0 = 0:251 nm and
c0 = 0:409 nm), and moment per Co atom of  = 1:725 in units of the Bohr magneton





where v0 = 0:5a
2
0c0 sin 60
0 = half the hcp unit cell volume, is the volume occupied by
each Co atom.
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3.3 Results and Discussion
We apply our generalized diusive spin transport model to a specic Co1-Cu-Co2 spin-
valve structure (Fig. 3.1), with a Au capping layer. The thickness of each layer is,
respectively, tCo1 = 10 nm, tCu = 6:5 nm, tCo2 = 2:5 nm, and tAu = 10 nm. Unless
otherwise stated, the spin diusion lengths for longitudinal and transverse spins in Co
are set at l
(Co1;2)
sf jj = 60 nm [154] and l
(Co1;2)
sf? = 2 nm [44], while that in the nonmagnetic
Cu spacer and Au layer, is set at l
(Cu)
sf = 350 nm [62] and l
(Au)
sf = 35 nm [155] for
both transverse and longitudinal spins. We assume literature values of Cu and Co
conductivity, i.e. Co = 1:6 107
 1m 1 and Cu = 5:96 107
 1m 1. The bulk spin
polarization value of conductivity (=0) of Co is taken to be 38%, and for simplicity,
the same polarization value (D=D0) is assumed for the diusivity. The applied current
je is set at a typical value of 10
7 A/cm2.
3.3.1 Eects of Spin Relaxation on Spin Transfer Switching
Based on the above parameters, we rst investigate the eect of spin ipping in the
spacer layer, by calculating the STT and MR as a function of l
(Cu)
sf . The numerical
results reveal that the increase of l
(Cu)
sf has a positive eect on both the STT in the free
layer [Fig. 3.2(a)], and the MR ratio of the spin valve [Fig. 3.2(b)]. Both the STT on the
free layer and overall MR ratio increase with increasing l
(Cu)
sf . This indicates that high
spin ipping in the spacer layer is detrimental for both CIMS devices where high spin
torque is required, and spin valve sensors where high MR ratio is required. However, the
monotonic increase in STT and MR with increasing l
(Cu)
sf is not indenite, but reaches
saturation when l
(Cu)
sf far exceeds tCu. This can be seen from Figs. 3.2(a) and 3.2(b),
where both sets of curves virtually coincide when l
(Cu)
sf < 20 nm. Thus, we require a
thin spacer layer with a suciently long l
(Cu)
sf to generate a high spin torque in the free
layer. A thin spacer layer also implies a greater spin dependent contribution to the total
scattering, thus resulting in an increase of MR ratio. However, the spacer layer should
not be too thin in order to minimize the exchange coupling between the xed and free
layer. A careful optimization of the spacer layer thickness and material properties is
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Figure 3.2: (a) Spin transfer torque (STT)  expressed in Oersteds (Oe), and (b)




thus required, in order to achieve a balance between high STT and MR, and minimal
exchange coupling of the two FM layers in the spin valve multilayer. The simulation
result here is in agreement with an experimental study [156], which shows that the
switching current increases with the intentional shortening of the spin relaxation length
of the spacer layer. This indicates that sustaining the spin polarization in the spacer
layer is a key factor towards reducing the switching current.








































































Figure 3.3: (a) Spin transfer torque (STT)  expressed in Oersteds (Oe), and (b) areal




In Fig. 3.3, it is clearly evident that l
(Co2)
sf? is a critical parameter in determining the
magnitude of the STT in the free FM layer. For instance, as shown numerically in Fig.
3.3(a), the maximum STT suers a signicant drop of around 30% when l
(Co2)
sf? increases
from 1 nm to 2 nm. This suggests that a small uctuation in l
(Co2)
sf? could severely
degrade the eciency of the spin transfer switching. In the microscopic picture, a small
l
(Co2)
sf? is desired as it leads to a stronger depolarization of ?, which results in a greater
transfer of the transverse spin angular momentum to the local moments in the free FM
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layer, thus inducing a stronger STT. In addition, it is observed that an increase l
(Co2)
sf?
causes the maximum STT to be achieved at a larger . The total resistance change
between the parallel and antiparallel congurations, i.e. R() R(0) is not aected by
l
(Co2)
sf? . However, the resistance R() at an intermediate angle (0 <  < ) corresponding
to non-collinear conguration, increases with increasing l
(Co2)
sf? [Fig. 3.3(b)]. This leads
to a higher gradient dR()=d() for =2 <  < , which may be useful for increasing the

































































Figure 3.4: (a) Spin transfer torque (STT)  expressed in Oersteds (Oe), and (b) areal
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Finally, we analyze the eects of longitudinal spin relaxation (i.e. variation l
(Co2)
sf jj ).
As shown in Fig. 3.4, there is a signicant degradation of both STT and R() when
l
(Co2)
sf jj < tCo2. A short l
(Co2)
sf jj results in a stronger depolarization of the longitudinal spin
accumulation (jj) in the free FM layer, and hence a reduction of R() and the overall
MR ratio [Fig. 3.4(b)]. Signicant depolarization of the spin accumulation jj also
causes an appreciable STT reduction [Fig. 3.4(a)]. This shows that in the non-collinear
conguration, the transverse and longitudinal spin polarized currents are correlated to
one another. A reduction in the longitudinal spin polarized current induces a reduction
in the transverse spin polarized current, and hence a reduction in the STT accordingly.
3.3.2 Layer Thickness and Angular Dependence of Spin Transfer Torque
in Ferromagnetic Trilayers
In Fig. 3.5, we further investigate the variation of these two crucial parameters, max
and max, as a function of the thickness ratio of the FM layers. From Fig. 3.5(a), we nd
that max increases monotonically with both tCo1 and tCo2. max converges to =2 only
in the limit of vanishing free FM layer, at which point both the max and the MR ratio
also approach zero. Fig. 3.5(b) shows the maximum averaged torque max acting on the
free FM layer increases monotonically with the xed FM layer tCo1 before saturating
at tCo1  lsf jj. The observed trend is reasonable since the thicker the xed layer, the
higher would be the spin polarization of current which is incident onto the free layer.
For the free FM layer, max increases rapidly for small tCo2 before reaching a maximum
at tCo2  4 nm. This may be readily explained by the fact that beyond this thickness
for the free layer, the loss of spin momentum due to spin transfer lowers the available
torque when averaged over the entire free layer thickness. The max value plotted in
Fig. 3.5(b) corresponds to a constant current density je = 10
7A=cm2. Thus, the critical
current density jc required to initiate CIMS is inversely proportional to the plotted max,
i.e. jc = je (Hsw=max), where Hsw is the switching eld of the free Co layer. Thus, one
can reduce the required jc by exchange biasing the xed layer at angle max with respect
to the anisotropy axis of the free layer. A micromagnetic study has been carried out
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by introducing a nite non-collinear conguration with a synthetic ferrimagnetic (SyF)
structure [152]. The SyF layer imposes an exchange bias eld on the polarizer, causing
the easy axis of the polarizer to deviate from collinearity with the free switching layer.
The result of the micromagnetic simulations reveals that the critical switching current
is reduced by 39% compared to the collinear conguration.
The data in Figs. 3.5 suggest that the optimal conditions for CIMS (corresponding
to maximum max and minimum jc) occurs in the limit of thick xed FM layers of
tCo1  lsf jj and thin free FM layers of tCo2  lsf?. In fact, an experimental study has
shown that the switching current appears to be minimized when the thickness of the
xed FM layer is around the lsf jj of the FM material [157]. This corresponds to the usual
situation in magnetic multilayers, where a thicker xed layer is used to ensure a higher
switching eld. Note that increasing the xed layer thickness tCo1 tends to skew the
optimal magnetization orientation, i.e. increase max beyond =2. For the optimal FM
layer thicknesses of tCo1 > 20 nm, and tCo2  4 nm, max is found to be  0:65. The
increasing asymmetry in max with tCo1 results in the additional benet of greater usable
GMR ratio. This is because as max approaches , the resistive change accompanying the
magnetization switch of the free layer i.e. R = R (max) R (   max) becomes larger,
as can be seen from Fig. 3.4(b). However, as mentioned earlier, one cannot increase
tCo1 indenitely. Beyond tCo1  lsf jj, no further increase in spin transfer eciency can
be accrued due to bulk spin scattering.
3.4 Conclusion
We have extended the spin drift-diusion model for a basic FM-NM-FM trilayer spin-
valve for FM layers with non-collinear magnetization. The angular variation of mag-
netoresistance and spin transfer torque with the longitudinal lsf jj and transverse lsf?
spin relaxation lengths have been studied. The results obtained were consistent with
available experiments, thus validating our approach. We have studied the eects of spin
relaxation on the STT and MR in a spin valve device. Our numerical analysis indicates
that a thin spacer layer with a long spin diusion length is the most eective way to in-
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Figure 3.5: (a) Optimal relative magnetization orientation max as a function of free
layer thickness tCo2 at which spin transfer torque is maximum for various reference layer
thickness tCo1; (b) Maximum spin transfer torque jmax=0j as a function tCo2 for various
tCo1. In both plots, lsf? is set at 2.4 nm and je = 107A=cm2:
duce a large STT in the free layer, and a high MR ratio. The most critical parameter in
determining the STT is the transverse spin relaxation length l
(Co2)
sf? in the free FM layer.
A short l
(Co2)
sf? ensures a high rate of depolarization of the transverse spin accumulation,
and hence a more ecient spin transfer in the free layer. It can also lead to a steeper
change in MR with the angular deviation  and hence greater sensitivity for spin valve
sensor application. Also, the MR ratio and STT are both degraded by a short longitu-
dinal spin relaxation length l
(Co2)
sf jj in the free FM layer. We investigate the conditions
for achieving maximum STT (max), and it was observed that the optimal multilayer
thickness is one in which the free (xed) layer thickness is approximately equal to the
transverse lsf? (longitudinal lsf jj) spin relaxation lengths, respectively. Furthermore,
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it was found that a larger xed layer thickness also results in an increased asymmetry
in the magnetization alignment max corresponding to max. This leads to the added
advantage of improving the range of usable GMR ratio. In summary, our study suggests
that to enhance the CIMS eect in magnetic multilayers, and minimize the required
critical current density, we require (i) a highly asymmetric trilayer with the xed layer
being signicantly thicker than the free layer, and (ii) biasing the xed layer magneti-
zation (e.g. by exchange biasing) at some intermediate angle of  0.65 with respect
to that of the free FM layer.
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CHAPTER 4
Eects of Capping Layer on the Spin Accumulation and Spin
Torque in Magnetic Multilayers
4.1 Could Capping Layer Aect Spin Transfer Torque(STT)?
Since the theoretical prediction of STT [33, 34], there have been numerous studies on
this subject, both experimentally [158{160] and theoretically [42, 149, 161{164]. The
motivation for investigating the STT phenomenon in the magnetic multilayers is due
to its potential application in memory such as magnetoresistive random access memory
(MRAM) and radio-frequency devices (e.g. microwave spin torque oscillators [46]). On
the ip side, STT constitutes an important source of noise in GMR read-head sensors
in magnetic data storage [165]. MRAM devices, which utilize the STT eect, usually
come in the form of a xed ferromagnetic/non-magnetic/ferromagnetic (FM/NM/FM)
trilayer in a nanopillar structure. The operational principle of such MRAM devices
is based on the concept of current induced magnetization switching (CIMS), in which
the magnetization of the free FM layer is switched by the injection of a spin-polarized
current from the xed FM layer. In practical devices, it is crucial to study the optimal
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conditions for ecient CIMS, so that the critical current density for switching can be
minimized.
Recent experiments [159, 166, 167] have revealed that other than the material and
geometric congurations of the basic FM-NM-FM trilayer, the properties of the capping
layer can also play a signicant role in inuencing the CIMS process. Urazhdin et al.
reported [159, 166] that an insertion of a 1 nm FeMn layer into the Cu capping layer
can lead to a large reduction in the critical switching current, and attributed this to
the strong spin relaxation of conduction electrons in the FeMn layer. However, it is not
clear how the material parameters of the FeMn insertion layer aects the spin torque
and spin accumulation in the whole multilayer structure. There have been previous
theoretical studies of capping layer eect on spin torque [153, 168]. Kovalev et al. [153]
applied a circuit theory approach to model the behavior of the capping layer. However,
the spin-ip scattering at the interface, which is crucial for STT, was not considered
analytically in that model. Kumar et al. [168] proposed a study of the eects of cap-
ping layer based on the SDD model. Since the model assumes collinear magnetization
alignment, the STT was not explicitly calculated and analyzed by the authors. In this
Chapter, we investigate the eects of the capping layer's spin diusion length(SDL),
resistivity and interfacial resistance on the spin accumulation and STT in the free layer.
The spin transport through the multilayer is evaluated based on a non-collinear SDD
model [169], but incorporating an additional capping layer. This non-collinear model is
applicable to magnetic multilayers where the free and xed FM magnetizations are at
an arbitrary orientation with respect to one another. We consider all three components
of the spin accumulation, spin currents and interfacial conductances, i.e. the longitudi-
nal component along the local magnetization, and the two transverse components. The
inuence of the dierent physical parameters of the capping layer on the STT and spin
accumulation in the free FM layer is numerically studied, and a relationship between
the STT and spin accumulation is established.
In this Chapter, the basic equations for the non-collinear SDD model are presented
in Section 4.2. In Section 4.3, the eects of the SDL, resistivity and interface resistivity
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of the capping layer on the STT and spin accumulation are calculated and analyzed.
Finally, we conclude with a summary of our results and clarify the dependence of the
STT on the physical parameters of the capping layer.
4.2 Theory and Model
Figure 4.1: Schematic diagram of a FM1-NM-FM2 pseudo-spin-valve structure with
an additional capping layer.
We consider a pseudo spin valve (PSV) consisting of a FM1/NM/FM2/Cap multi-
layer structure, where FM1 is the xed ferromagnetic layer, NM is the non-magnetic
spacer layer, FM2 is the free thin layer, and \Cap" is the capping layer. The PSV
structure is shown schematically in Fig. 4.1. We assume a non-collinear magnetization
orientation, i.e. there is an arbitrary angle  between the magnetization of the xed
FM1 layer and the magnetization of the free FM2 layer. A charge current I0 is assumed
to ow along the x-axis from left to right, i.e. from FM1 to FM2, and at the same
instance a spin current is injected from FM1 to NM, generating a spin accummulation
^ in the device. For an arbitrary magnetic conguration of the the system, the spin
accummulation in the NM layer can be described as a superposition of up (") and down
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The spin transport in the PSV multilayer can be described by a spin drift-diusive
equation. In a non-collinear system, the diusion equation is described by a (2  2)













where D^ is the spin diusion matrix, 1^ is the unit matrix, ^ is the electrochemical po-
tential, and sf is the spin-ip relaxation time. Eq. 4.2 is equivalent to the conventional
diusion current equation [170], except that the carrier density is replaced by spin ac-
culamution calculated by electrochemical potentials in spin space. The corresponding
charge and spin current equations are given by:
j^ =  (EF )D^  @^
@x
; (4.3)
where j^ is the current matrix, and is related the usual spin current js by the following
relation: j^ = 12

j01^ + js  S^

, where S^ = (Sx; Sy; Sz) is the vector of Pauli spin matrices.
In the above, (EF ) is the density of states per spin at the Fermi energy EF .
We now consider the solutions to ^ in Eq. 4.2 within the FM and NM layers, re-
spectively. In FM layers, a strong exchange eld would cause the electron spin to be
aligned along the local magnetization direction. Furthermore, the absorption of the
transverse components of the spin current in common FM metals (e.g. Co, Ni and Fe)
can be considered to be quasi-interfacial, i.e. occurring over a length-scale which is much
smaller than the mean free path or the spin diusion length [161]. Since the spin refer-
ence axis is dened to be along the local magnetization direction, this means that the
o-diagonal terms in ^ and j^ can be neglected within the FM layers(i.e. "# = #" = 0
and j"# = j#" = 0). With this approximation, the spin diusion matrix is eectively
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with l2"(#) = D"(#)sf , while the prefactor  denotes the spin-asymmetry of the diusion
coecients, i.e.  = (D# D")=(D"+D#). The general solutions for Eq. 4.6 and Eq. 4.7
are given by


























The matrix form for the electrochemical potential in FM is given by ^F = F0 1^ + g
FSz,








# )=2 and g
F is
gF = (F"  F# )=2, with superscript F indicating the FM layers. The solutions to Eq. 4.2
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In the NM spacer and capping layers, there are two dierences compared with the FM
case: i) the diusion constants in NM layers are spin-independent, i.e. D" = D#  D, so
that  = 0, and ii) the transverse components of the spin accumulation and current are
not negligible. The general matrix form for the electrochemical potential in NM layers
is given by ^N = N0 1^ + g
N  S^, where the superscript N indicating the NM layers. The
general solutions for the electrochemical potential for the NM case is then given by:
N0 = C
Nx+GN ; (4.12)











The corresponding expressions for the charge and spin currents for the FM and NM
cases can be readily obtained by substituting Eq. 4.10 to Eq. 4.13 into Eq. 4.3. For the
FM case, the currents are given by:
jF0 =  (EF )CF (D" +D#) ; (4.14)















where ~D = 2D"D#=(D" +D#). In the NM case, the charge/spin currents are expressed
as:
jN0 =  2(EF )CND; (4.16)
















We now relate the spin asymmetry of the diusion constants D"(#) to the material
properties of the FM layers. Assuming the free electron model, the diusion constants
are given by D"(#) = 13vF lMFP"(#); where vF =
p
2EF =me is the Fermi velocity, me is
the electron mass, and lMFP"(#) are the mean free paths for majority (minority) carriers.
These in turn are related to the electron density per spin n and the bulk resistivities
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Following the standard denition [6], the spin dependence of the bulk resistivities can be
described by a spin asymmetry factor, i.e.: " = 20 (1  ) and # = 20 (1 + ). Note
that for the NM layer,  = 0. For simplicity, we assume the free electron value of the
electron density averaged over the two spins, i.e., n = (1=62) (2meEF =~2)
3
2 . Likewise,
we assume the free electron value of the density of states (EF ) averaged over the two













The unknown set of coecients AF ; BF ; CF and GF in the expression for the elec-
trochemical potential in each FM layer in Eq. 4.10 and Eq. 4.11, and the corresponding
set of coecients for each NM layer, can be determined by implementing appropriate
boundary conditions. It is assumed that semi-innite nonmagnetic metal leads are at-
tached to both ends of the system at L0 and L4 (see Fig. 4.1), respectively. We also
assume that the metal leads are of innite conductance, so that the boundary conditions:
F" = 
F
# , i.e. 
F = 0, apply at x = L0 and x = L4. The assumption of innite lead
conductivity is usually valid in a physical device, where the leads have a much larger
cross-sectional area than the submicron-sized active region of the spin-valve [82,83]. The
presence of interfacial resistances results in a discontinuity in the electrochemical poten-
tials and spin currents. Generally, these interfacial resistances are spin-dependent, and
are described by three parameters, i.e. G", G# and G"#. G"(#) is the interfacial resistance
experienced by majority (minority) spin electrons, while G"# represents the spin-mixing
conductance between the two transverse components of the spin accumulation which
exists in the non-collinear conguration. The spin dependence of the interfacial con-
ductances is characterized by a spin asymmetry factor , analogous to that of the bulk
resistivities, i.e. G" = G0 (1 + ) =2 and G# = G0 (1  ) =2. In the presence of these
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interfacial resistances, the boundary conditions relating the charge and spin currents
and electrochemical potentials across the FM1-NM and NM-FM2 interfaces are then
given by [171]:






gFs  m  gN

(4.20)




+ (G" +G#) gFs (4.21)




where m is the unit vector along the local quantization axis of the FM layer (i.e. its




z ) is the generalized spin accumulation in the
NM layer, where the subscript fx; y; zg refers to the spin direction. In our model, we
take the z axis to be along the local quantization axis, i.e., m = f0; 0; 1g. Therefore,
this yields m  gN = gNz and gN m = fgNy ; gNx ; 0g. Thus, from the above equations,
the boundary relations for the charge and spin currents across the FM-NM interface can
be explicitly written as:


















e2jx =  2RefG"#g gNx + 2ImfG"#g gNy ; (4.24)
e2jy =  2RefG"#g gNy   2ImfG"#g gNx ; (4.25)
where the superscript N and F distinguish between the NM and FM sides of the inter-
faces. However, for the interface between the FM2 and Cap layers, only Eq. 4.22 and
Eq. 4.23 are applicable as the transverse spin components are assumed to be completely
absorbed at the NM-FM2 interface. The boundary conditions are set up such that i)
the particle current is constant and continuous across all interfaces; ii) only the spin
current component parallel to the magnetization of a FM layer is continuous across the
FM/NM interfaces; and iii) there is a discontinuity in the transverse components of the
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spin current which are perpendicular to the magnetization of FM layer, since these exist
only in the NM layer, and vanish (i.e. are absorbed) in the FM layer [161]. By imple-
menting the above boundary conditions, we can determine the unknown coecients in
the ansatzs for the electron distribution function in both the magnetic and non-magnetic
layers [i.e. Eqs. 4.10 to 4.13].
At the NM-FM2 interface, the spin reference axis is rotated by an angle  in the y-z
plane from the vertical z axis, so as to align it along the local magnetization of the free
(FM2) layer, as shown in Figure 4.1. Due to the spin rotation, the continuity relations






y cos  + g
N
z sin ; (4.27)
gF2z =  gNy sin  + gNz cos ; (4.28)
where gN (gF2) refers to the NM (FM2) layer. Similar transformations are also applied to
the spin current jF2 in the FM2 layer. As mentioned earlier the transverse components
of jF2 will be strongly absorbed just within the FM2 layer. The absorbed transverse
spin current components translate into the torque  experienced by the local moments









y ; 0) is the transverse spin currents at the NM-FM2 interface.
These give rise to two components of the spin torque, namely the in-plane torque jj and
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Figure 4.2: An illustration of out-of-plane torque (?) and in-plane torque (jj).
4.3 Results and Discussion
In our model, we consider ferromagnetic layers (FM1/FM2) made of Co, and non-
magnetic layers (NM/Cap) made of Cu, with the following thicknesses: tCo1 = 10 nm,
tCu = 6:5 nm, tCo2 = 2:5 nm, and tCap = 100 nm. For the numerical calculations,
we assume known experimental values for the bulk material parameters: for Co layers,
the parameter values are Co = 16 
 cm, l
(Co)
sf = 59 nm [172], and  = 5:1, whereas
for Cu layers Cu = 2:86 
 cm, and l
(Cu)
sf = 350 nm [62]. For the Co/Cu interfacial
conductances, we rely on the ab-initio values obtained by Xia et al. [173], since there
are no available experimental measurements. The ab-initio values are: G" = 0:421015

 1m 2, G# = 0:36  1015 
 1m 2, RefG"#g = 0:41  1015 
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4.3.1 The Eects of Capping Layer Thickness
The eects of capping layer thickness on the STT ( ) and spin accumulation () in the
FM2 layer are investigated. We plot the out-of-plane (?) and in-plane (jj) components
of the torque at the NM/FM2 interface, and  in the crucial free (FM2) layer, as a
function of the free layer magnetization angle  as the capping layer thicknesses tcap is
varied from 0 nm (no capping layer) to 300 nm (see Fig. 4.3). The out-of-plane torque
? increases with increasing tcap, but the in-plane component jj is not signicantly
changed with the variation in tcap. We also observe a correlation between ? and ,
in that both are enhanced with increasing tcap.
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Figure 4.3: (a) Normalized out-of-plane torque (?), (b) normalized in-plane torque
(jj), and (c) spin accumulation (), as a function of the magnetization angle . These
quantities are calculated at the NM/FM2 interface, for capping layer thickness tcap of 0
nm (no capping layer), 100 nm and 300 nm.
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4.3.2 The Eects of Capping Layer SDL
Next, we investigate how the variation of SDL of the capping layer (lcapsf ) aects the
magnitude of the spin torque components (see Fig. 4.4). In practice, lcapsf can be reduced
by introducing impurities with strong spin-orbit interaction within the NM capping
layer. We found that a strong spin depolarization in the cap (short lcapsf ) leads to a
reduction of  in FM2. This suggests that spin relaxation in the capping layer can have
a non-local inuence in suppressing  in FM2. This result is consistent with previous
studies on the capping layer eect by Kumar et al. [168] and T. Yang et al. [174],
although the model deployed by these authors is the collinear SDD model, which is
restricted to only the parallel or antiparallel alignment of the FM magnetizations. As
noted before, ? is correlated with  and exhibits a similar trend with l
cap
sf , i.e. a short
lcapsf leads to a reduction of ?. This suggests that one could use a capping layer material
with a long lcapsf to maximize the spin transfer torque in the free layer. The in-plane jj
is however, almost unchanged as (lcapsf ) is varied.
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Figure 4.4: (a) Normalized out-of-plane torque (?), (b) normalized in-plane torque
(jj), and (c) spin accumulation (), as a function of the magnetization angle , and
calculated at the NM/FM2 interface. The spin diusive length in the Cu capping layer
(l
(cap)
sf ) is set to 10 nm, 50 nm and 350 nm.
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4.3.3 The Eects of Capping Layer Resistivity and Interfacial Con-
ductance
Thirdly, we study the eect of resistivity (cap) and interfacial conductances (G"/G#)
at the FM2-capping layer interface, on the STT (see Figure 4.5). Overall, the trends
of the STT and spin accumulation are similar to those in the previous discussions: an
increasing trend in ? corresponds to a similarly increasing trend in , while jj is
not much aected by the variation of either parameter. In general, a high cap or a
low G"(#) gives rise to a high ? and . This suggests that one can utilize a highly
resistive capping layer, either in the bulk or at the interfaces, in order to maximize the
? in the free layer. When cap is kept xed at the experimental value of 2:86 
 cm
for Cu, the curves for ? and  saturate when G" and G# reach the magnitude of 1016
and 1017 
 1m 2. At these large values of interfacial conductance, the bulk resistance
of the capping layer becomes the dominating factor, and hence the STT and  curves
are almost identical to those in Figs. 4.5(a) to (c), which are calculated in the absence
of G"(#). When G"(#) is reduced to the order of 1013 
 1m 2, the interfacial resistance
becomes signicant vis-a-vis the bulk resistance of the capping layer. This results in an
increase in the maximum ? and , as well as a distinct change in their respective
dependence on the magnetization orientation.
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Figure 4.5: (a) Normalized out-of-plane torque (?), (b) normalized in-plane torque
(jj), and (c) spin accumulation (), as a function of the magnetization angle , and
calculated at the NM/FM2 interface.The resistivity of the capping layer (cap) is set to
2:86 
cm, 28:6 
cm, and 286 
cm. (d), (e), and (f) are the corresponding graphs
in the presence of interfacial resistances (G"; G#) of varying orders of magnitude, with
cap being set at 2:86 
cm.
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From the above results, we can make two observations: (a) The presence of the
capping layer has the eect of increasing the spin accumulation in the free FM layer
of the device [see Fig. 4.3(c)]. The increase of spin accumulation does not appear
to have a signicant eect on the in-plane torque. However, it is strongly correlated
with the perpendicular torque ?, i.e., an increase in the spin accumulation is generally
accompanied by an increase in ?, and vice-versa (see Figs. 4.3 to 4.5). (b) The physical
properties of capping layer has an eect on the relaxation of the spin accumulation in
the free FM layer. Capping layers which are thick, have long spin diusion length, and
high resistivity (either bulk or interfacial) tend to reduce the spin relaxation in the free
layer, leading to an increased spin accumulation there.
It is interesting to note that, a few experiments have been conducted to study the
scattering eects outside the pseudo spin valve [156,166,174,175]. All these experiments
demonstrate that more relaxation in the capping layer reduces the spin accumulation in
the free layer, which leads to an increase of spin currents, which would in turn lead to
a reduction of the critical switching charge current. Simulation from the model studied
here has demonstrated that by manipulating the physical parameters of the capping
layers, one can assist spin accumulation in the free layer. The options available for
experimenting are the thickness, spin diusion length or resistivity of the capping layer.
It is also observed that the magnitude of ? is generally about two orders of mag-
nitude smaller than that of jj. Thus, engineering the capping layer may not appear, at
rst sight, to be an eective method to increase the perpendicular torque. However, the
relatively small value of ? is actually specic to our chosen Co/Cu spin valve system, in
which the spin mixing conductance (G"#) at the Co/Cu interface has a negligible imagi-
nary component. It has been shown that in other material systems, e.g. Cu/Ni/Cu(100),
or in the presence of half-metallic ferromagnetic lms such as Co2MnSi, the imaginary
part of G"# is comparable to the real part [176]. In these cases, the non-negligible
imaginary part can give rise to a large ?, and the STT in such a device can thus be
signicantly tuned by varying the properties of the capping layer.
93
EFFECTS OF CAPPING LAYER ON THE SPIN ACCUMULATION AND SPIN
TORQUE IN MAGNETIC MULTILAYERS
Figure 4.6: (a) Perpendicular torque (?) and (b) in-plane torque (jj) as a function
of the angle  between the magnetization orientations of the free and xed FM layers.
The capping layer spin diusion length (lcapsf ) is varied from 10nm to 50nm, while its
resistivity (cap) is varied from 2:86
cm to 286
cm.
4.3.4 The Eects of the Imaginary Mixing Conductance of Capping
Layer
In order to have a proof of concept, we consider the case where the real and imaginary
parts of the spin mixing conductance to be of the same order at the interfaces, by keeping
all the other parameters the same in the previous simulations. We still assume ab-initio
values of the Co/Cu interfacial conductance obtained by Xia et al. [173], but take the real
and imaginary parts to be the same order: G" = 0:42 1015 
 1m 2, G# = 0:36 1015

 1m 2, RefG"#g = 0:41  1015 
 1m 2, and ImfG"#g = 0:009  1015 
 1m 2. We
reinspect the eect of resistivity (cap) (Fig. 4.6) and interfacial conductances (G"/G#)
at the FM2-capping layer interface (Fig. 4.7), together with the eect of SDL (lcapsf ) of the
capping layer on the STT. As we could observe, jj and ? are of the same order, and this
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Figure 4.7: (a) Perpendicular torque (?) and (b) in-plane torque (jj) as a function
of the angle  between the magnetization orientations of the free and xed FM layers,
for varying interfacial conductance (G"capand G#cap). The capping layer spin diusion
length (lcapsf ) is varied from 10nm to 50nm.
validates the theory that with comparable real and imaginary parts of G"#, comparable
jj and ? can be obtained. With the change of the spin mixing conductance, it remains
that high cap or low G"; G# give rise to a high ? and (Fig. 4.8). An increasing trend
in ? corresponds to a similarly increasing trend in , while jj is not much aected
by the variation of either parameter. In both Fig. 4.6 and Fig. 4.7, it is also observed
that a short lcapsf leads to a reduction of ?. In Fig. 4.8, we also found that a strong
spin depolarization in the capping layer (short lcapsf ) leads to a reduction of  in FM2.
This suggests that the eects of physical properties of the capping layer on STT do not
change with the modication of the imaginary part of the spin mixing conductance.
We now discuss the possible implications of the eects of the capping layer properties
on spintronic devices which are based on the magnetic multilayer structure under con-
sideration. Our calculated results show that the magnitude of the jj is almost totally
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Figure 4.8: Spin accumulation () as a function of the magnetization angle . The
capping layer's resistivity cap and spin diusion length l
cap
sf are set to the same values as
in Fig. 4.6. The spin accumulation  shows a similar dependence for varying interfacial
conductances G"cap and G#cap (the corresponding plot is thus not shown here).
impervious to any variation in the capping layer properties. This may be an advan-
tage in GMR sensors with in-plane magnetization since the additional capping layer can
perform its primary function as a protective element, without introducing adverse side-
eects on the sensor performance, e.g. due to extra noise induced by STT. Similarly, in
MRAM devices which utilize the in-plane STT to induce magnetization switching, the
device characteristics e.g. the critical current density for switching, will not be altered
by the addition of the protective capping layer. On the other hand, the ? can be en-
hanced by increasing the thickness, SDL, and bulk/interfacial resistivity of the capping
layer. It was recently found that the contribution of ? in spin transfer switching can
be signicant for MTJ structures [177], especially at large bias voltage [178]. It has also
been shown theoretically and experimentally that a reduction in the switching current
can be achieved by applying a magnetic eld along a hard axis [179{182]. These nd-
ings suggest that enhancing ? by modifying the capping layer properties could be an
alternative method to achieve the same purpose. Additionally, the out-of-plane STT
component is also utilized in spin torque-induced microwave oscillators, either in a spin
valve [46] or MTJ [183] structure. Thus, in these applications which utilize ?, one can
optimize the capping layer parameters in order to maximize the spin transfer eciency.
Increasing the thickness, SDL, and bulk/interfacial resistivity of the capping layer can
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also enhance  in the free layer. A larger  would produce MR signal with larger
amplitude [64]. There is an interest to replace high resistance MTJ read sensors (typ-
ically 1 
 m2) with CPP all-metallic spin valve read sensors (typical resistance-area
(RA) of 50 m
 m2). However, the latter has a disadvantage of signal limitation, and
hence the ability to enhance its MR signal by engineering the capping layer properties
may be an attractive option. Our calculations also indicate the relative magnetization
orientation  of the two FM layers where the maximum values of jj and ? are achieved.
Generally, jj varies symmetrically with  such that the maximum jj occurs when the
two magnetization are perpendicular to one another. However, the maximum value of
? tends to occur closer to parallel alignment ( = 0 or 2), than to antiparallel align-
ment ( = ), with the degree of asymmetry being more pronounced for highly resistive
capping layers. This trend can be taken as a consideration in device design in order to
bias the free (FM2) layer to the optimal angle, depending on which torque component
is to be utilized in the system.
4.4 Conclusion
We investigated the eects of a capping layer in a magnetic multilayer with arbitrary
magnetizations in the xed (FM1) and free (FM2) ferromagnetic layers. The current
induced spin transfer torque and spin accumulation in the multilayer is calculated based
on a non-collinear spin drift-diusive model, in which we assume absorption of transverse
spin current/accumulation in FM metals, and apply appropriate boundary conditions
to take into account interfacial resistance and the angular deviation of the free and xed
layer magnetization. We focus on how the variations of the physical properties of the
capping layer, particularly the spin diusion length, resistivity and interfacial conduc-
tance, aect the STT and spin accumulation ()in the pseudo-spin-valve system. Our
calculations show that the out-of-plane component ? of the STT in the free layer can
be enhanced by modifying the properties of the capping layer, e.g. by increasing the
thickness, spin diusion length or resistivity (either bulk or interfacial) of the capping
layer. We also assume the imaginary part of the spin mixing conductance is equal to
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its real part. The calculations demonstrate that the perpendicular component ? of
the spin transfer torque in the free layer is enhanced to the same order of the in-plane
component by a system with real and imaginary spin mixing conductance of the same
order, while the in-plane component (jj) shows insensitivity to the variations of the
aforementioned physical capping layer parameters. This implies the capping layer can
serve as a purely protective layer in spintronic devices which depend on jj to achieve a
spin-transfer switching (e.g. a MRAM based on spin-valve structure). Conversely, there
are applications in which the perpendicular torque ? plays a more prominent role, e.g.,
in the case of spin torque induced oscillators, where the primary role of the ?, in induc-
ing magnetization precession and microwave oscillations, has been demonstrated both
computationally [184] and experimentally [46]. In such spin torque induced microwave
oscillators, one can thus maximize the spin transfer eciency by optimizing the capping
layer properties. The capping layer can also serves as a mean for tuning the ?/jj ratio,
by taking the advantage of the insensitivity of jj towards the variations of the physical
properties of the capping layer.
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CHAPTER 5
Non-equilibrium Spatial Distribution of Rashba Spin Torque
in Ferromagnetic Metal Layer
5.1 Spin Transfer Torque and Spin Orbit Coupling
Ever since the theoretical prediction of spin transfer torque (STT) [33,34], there has been
much research eort in utilizing STT phenomenon to induce magnetization switching
and precession in ferromagnetic (FM) nanostructures without the need for an exter-
nally applied magnetic eld. Devices which rely on the STT eect for magnetization
switching oer the advantages of lower power consumption and reduced device dimen-
sion, which are crucial factors for nanoscale and high-density spintronic applications.
The STT eect has been studied in conventional magnetic nanostructures such as spin
valves [158] and magnetic tunneling junctions [39]. For STT to occur in these magnetic
multilayers, one requires a pair of FM layers, i.e., a reference spin layer to generate
a spin-polarized current for injection into the second free (switchable) layer. The two
layers are magnetized in a noncollinear conguration so as to induce the transfer of the
transverse spin momentum from the reference to the free layer, which is mediated by
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conduction electrons owing between the two layers. In the above process, the role of
the spin-orbit coupling (SOC) eect is neglected. However, it is well-established that
SOC can generate a nonequilibrium spin accumulation under the passage of current.
Thus, it is conceivable that, in the presence of strong SOC eect, one can induce a
STT without the need for an additional reference FM layer. This is corroborated by
previous theoretical work which showed that the presence of Rashba spin-orbit cou-
pling (RSOC) whose strength is denoted by R, and exchange interaction  between
conduction electrons and local spins, can give rise to domain wall motion via spin mo-
mentum transfer [185]. The same spin transfer mechanism can also occur in a FM layer
with a large R and  values [186,187]. The predicted RSOC-induced spin momentum
transfer was experimentally demonstrated in a nanowire array [188, 189]. The above
ndings suggest that by utilizing Rashba-induced STT, one can achieve magnetization
switching within a single FM layer, without an additional non-collinear FM layer. Such
single layer switching holds several potential advantages over conventional STT devices,
such as a more symmetric current switching prole and the reduced inuence of spin
depolarization at the interfaces.
A key element which determines the feasibility of Rashba STT is the presence of a
strong Rashba SOC in the FM metal layer. Initial studies on the Rashba eect were fo-
cused on semiconductor (SC) materials [190{194], especially in two-dimensional electron
gas (2DEG) heterojunction structures, which consist of two SC layers with dierent en-
ergy bandgaps. The conduction electrons in the 2DEG experience a strong RSOC eect
due to the large potential gradient, as a result of the band-bending at the heterojunction
interface. However, utilizing the Rashba-induced STT in SC materials is not an attrac-
tive proposition as SCs are intrinsically non-magnetic. Even if ferromagnetic behavior
can be induced in them via doping (e.g. in dilute magnetic semiconductors or DMS),
the resulting Curie temperature lies well below room temperature. Recent studies have
shown, however, that a strong RSOC eect can also be induced in metallic nanostruc-
tures, both of the FM and non-FM types [195{198]. It is known that the Rashba SOC
requires a structural inversion asymmetry (SIA), which gives rise to an internal electric
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eld. In a metallic FM layer, the SIA can be enhanced by adjacent layers of heavy metals
and oxides, which create the requisite band structure mismatch and large potential gra-
dient at the interfaces [199{202]. By engineering the interfaces of the metallic FM layer,
one can control the strength of the RSOC eect within the layer. The ability to enhance
the RSOC coupling via interfacial eects has led to the experimental demonstration of
the eect of Rashba-induced STT, as mentioned previously [188,189]. However, to eec-
tively harness this eect in future magnetic memory applications, it is essential to have
an understanding of the microscopic spin transport in the presence of the RSOC eect,
and the resulting non-equilibrium spatial distribution of the Rashba-induced STT.
Thus, in this Chapter, we apply the NEGF technique to study the spin torque
generated by the Rashba SOC on the local magnetization in a metallic FM layer. The
NEGF method is suitable for the study of the Rashba STT, which is essentially driven by
nonequilibrium spin accumulation generated by the passage of current in the presence of
RSOC. In addition, the NEGF method can systematically incorporate the eects of the
leads, and interactions (RSOC and exchange coupling) as self-energy terms. In Section
5.2 of this Chapter, we introduce the system Hamiltonian, consisting of the Rashba
term HSO = R(z^  p^), where z^ is a unit vector parallel to the internal electric eld
E, which acts perpendicular to the FM layer, p^ is the electron wavevector and R is
the RSOC strength. The Hamiltonian also includes the s-d interaction characterized by
the exchange energy , which couples the nonequilibrium spin density due to RSOC
eect to the local moments. Based on the second-quantized form of the Hamiltonian, we
apply the tight-binding NEGF formalism, and calculate various microscopic transport
quantities in the system, such as the local spin current and spin density, and the overall
spin torque generated. In Section 5.3, we numerically investigate (i) the spin torque
eciency as a function of the strengths of the RSOC eect (R), and the s-d exchange
interaction (), (ii) the relationship between the spin torque distribution and the local
spin currents, and (iii) the in-plane spin Hall eect arising from RSOC. Finally, the
summary of results and conclusion are presented in Section 5.4.
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5.2 Theory and Model
Figure 5.1: Schematic diagram of a ferromagnetic (FM) layer sandwiched between two
dissimilar materials (oxides or heavy elements) to increase the vertical electric eld Ez
and thus enhance the Rashba SOC eect. Current je ows in the in-plane x-direction.
The magnetization of the FM layer M is oriented in the vertical z-direction.
The structure under consideration is depicted in Fig. 5.1. It consists of a metallic
FM layer, sandwiched between two dissimilar materials (oxides or heavy elements) to
enhance the RSOC interaction at the interfaces and within the FM layer. The local
magnetization M is oriented along the vertical z-direction. A charge current j^e is
injected in the x-direction, which generates a eld He along the y^ = (z^ j^e) direction.
The Hamiltonian for the system can be expressed as:








(p^ z^)  S^; (5.3)
where m is the free electron mass, and ~ is the reduced Planck's constant. Here, H0
denotes the kinetic energy of the conduction electrons in the FM layer, M is the mag-
netization direction,  is the exchange coupling between the free electron spin and the
local moments, and S^ = fS^jg (where j = fx; y; zg) is the vector of Pauli spin matrices.
H^so denotes the Rashba interaction which couples the electron spin with its momentum,
with p^ being the electron momentum, and the potential gradient inducing the RSOC
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eect being assumed to be in the direction z normal to the FM layer. The potential
gradient may arise from a variety of sources such as impurities, host atoms, and struc-
tural connement [108, 203{206]. In order to apply the many-body NEGF formalism,

















cyr((S^x)0crb0  (S^y)0cra0): (5.5)
where cr(c
y
r) is the fermionic annihilation(creation) operator of an electron with spin
 ="; # at position r. Here, a is the lattice spacing representation on a square lattice in
the tight-binding NEGF formulation , a = aex and b = aey are the unit lattice vectors.
t0 represents the hopping energy between lattice points, and is obtained by t0 = ~=2ma2.
The terms "r" = 4t0 + =2 and "r# = 4t0   =2 represent the on-site energy at the
lattice site, and tSO = R=2a is the SO coupling energy due to the Rashba interaction.
In order to perform numerical analysis through the NEGF, the retarded (GR) and
lesser (G<) Green's functions are required. These are dened as
GRr;r00(t; t
0) = ihfcr(t); cyr00(t0)gi(t  t0); (5.6)
G<r;r00(t; t
0) = ihcyr00(t0)cr(t)i (5.7)
After Fourier transformation, the expression for GR in energy space is given by
GR() = [  H^   R()] 1: (5.8)




 is the retarded self-energy incurred by the lead , where







V is the coupling matrix between the lead  and the FM layer, and g
R
 is the retarded
Green's function of the lead  and can be calculated numerically by the renormalization
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method [207]. G< can be calculated from the relation
G<() = GR()<()GA(): (5.9)




 , where 
<
 = if  is the lesser self-energy due to
lead , f is the Fermi function in lead , and   = i[
R
  A ] is the linewidth function
representing the coupling between the lead  and the central FM region.
Various transport properties can be evaluated once the dierent Green's functions
(GR, GA, and G<) have been solved via Eqs. (5.8) and (5.9). The charge current










   ()G<()	 ; (5.10)
where A() = i[GR()   GA()] is spectral function. Likewise, the current-driven local

























where the subscript m refers to the site index.
The spin torque exerted on the local magnetization can be dened as the dierence
between spin current going into and coiming out of the lattice point. We express the
spin torque as the divergence of spin current [73]:
 = B
Z
dVr  jSi ; (5.12)
where V is the volume, B is the Bohr magneton, and j
Si is the spin current density
between lattice points. The spin torque  can be also be dened as  =  M H,
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where  is the gyromagnetic ratio. We focus on the eective eld He induced by
Rashba SOC which acts on the local moments along the y^ = (z^  j^e) direction. Thus,
the eective eld due to RSOC is




where Ms is the saturation magnetization, and x is obtained from Eq. (5.12). The
torque eciency is then given by ratio of He=je.
Under steady-state condition and in the absence of dissipative processes, the spin
torque  , as dened according to Eq. (5.12), is related to the divergence of the spin
current. By considering the Heisenberg equation of motion, the local spin bond current
between sites m and m0 can be expressed in terms of G< [207,208], i.e.





















where (m0 m) represents the unit vector between neighbouring sites on the x-y plane
and ei represents the unit vector of spin hSii. The above expression for the bond spin
current comprises of two terms, i.e., the kinetic and SO coupling terms, arising from
the corresponding terms in the Hamiltonian of Eqs. (5.2) and (5.3). By considering
Eqs. (5.12) and (5.14) together, the spin torque is then given by the divergence of the
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where LSO is the spin precession length (over which spin precesses by 1 radian), and
can be expressed as LSO =
at0
2tSO
. The above constitutes to the spin torque expression
of Eq. (5.12).
5.3 Results and Discussion
Based on the tight-binding NEGF formulation presented in the above section, we per-
formed numerical calculations of transport parameters such as local spin density, bond
spin current, and eective eld He in order to analyze the eect of RSOC induced
non-equilibrium spatial spin torque on the FM layer structure. In our calculations, the
following parameter values are assumed, unless otherwise stated: R = 10
 11 eVm,
m = 9:1  10 31 kg, a = 0:05 nm, EF = 7:83 eV, Ms = 1:09  106 Am 1,  = 1:6 eV
[209, 210], and room temperature T = 300 K. In order to reduce the tight-binding dis-
persion to the quadratic one, the lattice spacing a is set signicantly smaller than the
Fermi wavelength F , i.e. a  F =10, so that the model can simulate a continuum
system to a good approximation. The Fermi energy EF and saturation magnetization
Ms assume exemplary values corresponding to that of Co.
5.3.1 The Eects of RSOC, R, and Exchange Interaction Strength, 
We rst analyze the role of two key parameters R and  in determining the strength
of the eective eld He and the torque eciency of the system. Figs. 5.2(a) and 5.2(b)
show that, with a xed R and  respectively, He increases linearly with je. This




(z^  je); (5.18)
derived from either gauge formulation [186] or semiclassical (Boltzmann) transport equa-
tion [187] in the strong coupling limit. Eq. (5.18) is a global expression of spin torque
under linear response. In the gauge formulation, the factor P assumes a value of 12 in the
adiabatic limit, while in the Boltzmann model, it refers to the spin polarization of cur-
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rent. We now consider the torque eciency, which is given by the gradient of He with
respect to je. As can be seen from Figs. 5.2(a) and 5.2(b), the torque eciency is gener-
ally enhanced with increase in either R and . However, in our non-equilibrium spatial
treatment, it is clear from the plot in Fig. 5.2(c) that the torque eciency does not vary
linearly with R, unlike the prediction of Eq. (5.18). The dierence can be accounted
for by noting that the global expression of Eq. (5.18) is derived in the limit of large
coupling , i.e., up to only the linear order in R . In our model, as can be seen from
Fig. 5.2(c), the torque eciency shows a slight oscillatory dependence superimposed
upon a general increase with respect to R, especially at the region of R < 10
 10 eVm.
However, at the region where R  10 10 eVm, its behavior is similar to the prediction
derived from the Boltzmann semiclassical model for arbitrary coupling strength [187].
From the eective eld He , one can estimate the critical current density required for
magnetization switching. In Figs. 5.2(a) and 5.2(b), we consider RSOC strengths rang-
ing from 10 11 to 10 10 eVm, which roughly correspond to the practical values observed
at the interfaces with heavy metal or oxide layers. Assuming an exemplary spin polar-
ization of P = EF  0:5, RSOC strength of R = 10 10 eVm, and a switching eld of
Hs  0:02 T applicable for Co nanowire structures [188], we nd that the critical current
density for switching is approximately 106 A/cm2 [see Fig. 5.2(a)]. This is signicantly
lower than the critical current density of the order of 107 A/cm2 for the case of the
conventional Slonczewski spin torque in spin valve structures [98,211]. In a recent work,
Miron et al. [188] has demonstrated a current-induced magnetization switching in a sin-
gle ferromagnet with perpendicular magnetization. Our simulation has calculated the
Heff required to accomplish such magnetization switching. The calculated spin torque
eenciency is similar to the results obtained by the experiment [188].
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Figure 5.2: The dependence of the eective current induced eld (He) due to the
Rashba spin torque is plotted as a function of charge current density (je) for (a) vary-
ing Rashba strength R with a xed exchange coupling  = 1:6 eV, and (b) varying
exchange coupling  with a xed R = 10
 10 eVm. In (c), the spin torque eciency
(He=je) is plotted as a function of both  and R. In the calculations, we assume the
dimension of the sample to be 50a 50a, where a = 0:05 nm.
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5.3.2 The Spatial Distribution of the Spin Currents
Next, we examine the relationship between the Rashba-induced torque  and the spatial
distribution of the spin currents. In Fig. 5.3(a), we plot the spin torque component
x based on the torque denition of Eq. (5.15), which relates it to the divergence of
the local spin bond current jszmm0 . For comparison, we plot the spatial distribution of
the spin bond current jszmm0 in Fig. 5.3(b). We observe a close correlation between
the spatial distribution of x and the ow of the z-polarized spin current j
sz
mm0 . The
presence of RSOC causes a vortex-like ow of the bond spin current jszmm0 as shown in
Fig. 5.3(b). Regions where jszmm0 is owing in the +x ( x) direction correspond to a
large positve (negative) x. Conversely, in regions where the positive and negative spin
current uxes meet and cancel each other, the spin torque x becomes small. When the
Rashba coupling strength R is increased, the magnitude of x is generally larger since
it scales with R, as shown in Fig. 5.2(c). In addition, the vortices associated with the
spin current become spatially smaller. This may be attributed to the increase in the
rate of spin precession of the conduction electrons with R. The increased density of the
vortices results in some cancelation of the bond spin currents near the center of the FM
layer, so that more of the bond spin current ows at the boundaries, as shown in Fig.
5.3(b). In an experiment conducted by Miron et al [212], it is shown that in the case of
magnetic domain walls, the Rashba strength appears to enchance the eect of Walker
breakdown. Researchers have interpreted the large current-driven domain wall velocities
in perpendicularly magnetized domain walls as the eect of the Rashba induced eld.
Our simulation here reveals that under strong Rashba strength, the density of vortices
has increased, and this may shed light on the physics of the enchancement of the Walker
breakdown.
109
NON-EQUILIBRIUM SPATIAL DISTRIBUTION OF RASHBA SPIN TORQUE IN
FERROMAGNETIC METAL LAYER












































Figure 5.3: The spatial distribution of the (a) Rashba eect spin torque x and its
correlation with the local spin current hjszmm0i by setting R to 0:5  10 10 eVm, (b)
x and its correlation with hjszmm0i by setting R to 1:5  10 10 eVm. The spin torque
density is expressed in units of B=LSO. The sample has a lateral size of 50a 50a.
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5.3.3 The Spin Density Distribution and Exchange Interaction Strengh,

Finally, we analyze the spin density distribution and its dependence on the exchange
strength . Figs. 5.4(a) and 5.4(b) plot the spin density of hszim in the absence
and presence of , respectively. In the absence of exchange coupling ( = 0), the
distribution prole of hszim clearly indicates a transverse separation of the z-spins, i.e.
an out-of-plane spin Hall eect. This agrees with previous calculations based on the
multimode scattering matrix method which predicts a spin-Hall like separation of the
out-of-plane spin component in the presence of Rashba eect [213]. However, the clear
out-of-plane spin Hall separation disappears when a sizable exchange  is present, as
shown in Fig. 5.4(c). It is found that the magnitude of hszim assumes a much larger
value throughout the FM layer. This increase may be attributed to the alignment of the
electron spin to the local moments oriented along the z-direction. We also analyze the
in-plane spin density hsyim distribution, as shown in Figs. 5.4(b), 5.4(d), and 5.4(e).
There is no transverse separation of the in-plane spin density in the absence of  [Fig.
5.4(b)]. This is in line with the theoretical prediction, according to which the spin Hall
eect induced by RSOC applies only to out-of-plane spins. However, in the presence
of strong exchange coupling , an \in-plane" spin Hall eect is present [Fig. 5.4(d)].
This in-plane spin Hall eect is destroyed in the presence of a strong Rashba strength,
i.e. when R is increased to 1:5  10 10 eVm [Fig. 5.4(e)]. This may be explained
by noting that a large RSOC strength increases the rate of spin precession. Thus, the
in-plane spin density hsyim oscillates and changes signs along the direction of electron
propagation (x-direction), as can be seen in Fig. 5.4(d).
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(a)  = 0, R = 10


























(b)  = 0, R = 10










































































(e)  = 1:6 eV, R = 1:5  10 10 eVm,
hsyim. SHE disrupted.
Figure 5.4: The spatial distribution of the spin density (a) hszim, (b) hsyim, both
with  = 0 eV, R = 1  10 10 eVm, (c) hszim, (d) hsyim, both with  = 1:6 eV,
R = 1:5 10 10 eVm. In (e) hsyim is plotted with a larger R = 1:5 10 10 eVm, and
 = 1:6 eV. The sample has a lateral size of 50a 50a.
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5.4 Conclusion
In summary, we have studied the non-equilibrium spatial intrinsic spin torque induced
by Rashba spin orbit coupling in a ferromagnetic metal layer. Unlike the conventional
Slonczewski spin torque, the Rashba induced torque is generated within a single layer,
i.e. it does not require spin injection from an another ferromagnetic reference layer. We
analyze the eect of two crucial parameters determining the strength of the Rashba spin
torque: (i) the strength R of the RSOC eect which is responsible for polarizing the
injected charge current, and (ii) the exchange splitting  which couples the conduction
electron to the local FM moments, thus allowing the transfer of spin momentum to the
latter. The spin transport through the system is modeled via the tight-binding non-
equilibrum Green's function (NEGF) formalism. The NEGF theory systematically in-
corporates many-body eects including interactions with the leads as self-energy terms,
and enables current and spin density to be evaluated spatially under nonequilibrium
(bias-driven) conditions. Based on the NEGF theory, we numerically evaluate various
transport parameters of the system, such as the eective eldHe due to the spin torque,
and the spatial distribution of the non-equilibrium spin current and spin accumulation.
We found that He generally increases with both the RSOC strength R and the ex-
change coupling . However, the dependence of He on both parameters is not totally
linear, unlike previous predictions based on gauge formulation or semiclassical Boltz-
mann which are global and only partially non-equilibrium (linear response), and in the
strong coupling limits. For practical values of  and R, the calculated critical current
density corresponding to a typical switching eld of 200 mT is calculated to be lower
than 107 A/cm2, comparable to that obtained via the conventional Slonczewski spin
torque. For the structure under consideration where net current is in the x-direction
and the local moments are aligned in the vertical z-direction, the net eective eld
(spin torque) is in the y (x)-direction. We plot the spatial prole of the x-component
of the spin torque x, which bears a close correlation to that of the z-polarized bond
spin current. It is also observed that the Rashba torque x is concentrated near the
boundaries of the FM layer. We also found that the combined presence of RSOC eect
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and exchange coupling  induces a Hall separation of in-plane spins, whereas the spin
Hall eect for out-of-plane spins disappear with the introduction of . Our calculations
predict an eective eld He of the order of 1 Tesla for a current density of 10
7 A=cm2,
thus indicating the feasibility of utilizing the Rashba induced spin torque to achieve




In this Thesis, we have examined several critical aspects of spin transport in nanos-
tructures, including spin current injection and polarization, spin manipulation and spin
transfer torque. The main outcomes and conclusions will be briey recapitulated below.
6.1 Conlusions
In Chapter 1, we extend the semiclassical drift diusion theory of current-perpendicular-
to-plane MR to include the realistic eects of spin ip (spin memory loss) at the inter-
faces, and derive the resultant spin transport across a pseudo-spin-valve device. The
calculated MR results are compatible with recent experiments, which showed signicant
eects of interfacial spin ip in metallic multilayers. We present a detailed analysis on
the combined eects of interfacial spin ip and interfacial spin asymmetric scattering
on MR, as well as the MR dependence on spin asymmetry of interfacial scattering. Our
analysis shows that by optimizing the interfacial resistances, one can mitigate the MR
suppressive eects of interfacial spin ip in practical devices.
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It follows that the spin injection into SCs through a FM/I/SC junction is studied
in Chapter 2. The insertion of a tunnel barrier between a FM metal source lead and a
SC layer has proved eective in achieving high spin injection eciency at the FM/SC
interface. We investigate the spin transport across a FM/I/SC interface, under the
inuence of a Schottky barrier which arises in the SC layer close to the interface. The
spin transport in the presence of an applied voltage is calculated via the NEGF tight
binding model. The NEGF formalism systematically accounts for: i) the spatial prole
of the Schottky barrier, ii) the coupling between the FM lead and the SC layer, and iii)
the eect of the entire semi-innite lead, which can be reduced to a self-energy term. We
investigate several parameters (e.g. doping concentration, built-in potential and applied
bias) which aect the Schottky barrier prole, and hence the spin current across the
FM/I/SC system. It is shown that the spin polarization of current can be signicantly
improved by having a low Schottky barrier height, but a high built-in potential. A high
doping density increases the current density by decreasing the Schottky barrier height
and the depletion width, but at the cost of reduced spin polarization.
In Chapter 3, we then investigate the spin transfer torque arising from a CPP current
in a FM/NM/FM trilayer. Our analysis is based on the SDD model, modied for the
case of non-collinear magnetization, i.e. with arbitrary angle  between the magnetiza-
tion orientation of the two FM layers. By solving the electrochemical potential and spin
accumulation across the trilayer, we obtain the -dependence of the MR and STT in
the free FM layer. The optimal magnetization orientation max and the corresponding
maximum torque max are investigated as a function of the FM layer thicknesses. Based
on the analysis, we propose that i) the free (xed) FM layer thickness be set at approx-
imately the transverse (longitudinal) spin relaxation lengths, and ii) the relative FM
orientation be biased at some intermediate angles instead of the conventional collinear
conguration, in order to maximize the CIMS eect. Following this, the spin relaxation
eects in spacer and free layers on spin torque are investigated. It was found that a long
spin diusion length in the spacer layer, and a short transverse spin diusion length in




After that, in Chapter 4, we model the eects of the physical properties of the
capping layer, such as spin diusion length (lcapsf ), resistivity (cap) and interfacial con-
ductance (Gcap" ,G
cap
# ) on the spin transport across a pseudo-spin-valve (PSV) structure.
In particular, we investigate how the properties of the capping layer can be modied in
order to enhance the perpendicular component (?) of the spin transfer torque vis-a-vis
the in-plane (jj) component. The results suggest that the capping layer can serve as an
eective medium for tuning the ratio of ? to jj by varying its physical properties.
In Chapter 5, we study the intrinsic spin torque induced by a strong RSOC in a
FM metal layer, with adjacent layers of heavy metals and/or oxides. In the presence
of an in-plane current and s-d interaction between the conduction electrons and the
local magnetic moments, the RSOC eect exerts an eective magnetic eld and thus
generates a nonequilibrium spin accumulation. The resulting spin polarized current then
transfers its momentum via the s-d coupling, which is characterized by the exchange
splitting energy . In this work, we study the spin transport in the metallic FM layer
via the NEGF method. We analyze the strength of the intrinsic Rashba-induced spin
torque as a function of the RSOC coupling strength R and . The Rashba spin torque
allows an ecient transfer of spin momentum such that a typical switching eld of 20
mT can be obtained with a current density lower than 107 A/cm2. We numerically show
the correlation between the Rashba spin torque and the local spin current distribution.
Finally, we nd that the combined presence of the RSOC eect and  results in a
transverse Hall separation of the in-plane component of the spin density.
6.2 Recommendations for Future Work
The NEGF formalism is a powerful tool to study the quantum transport phenomena
in nanostructures, and it is possible to study spin transport phenomena in many other
nanostructures with the knowledge and techniques of NEGF established in this Thesis.
It is feasible to extend the 2D NEGF model to study some of the exotic and fascinat-
ing materials, which currently draw extensive research interest from scientists. Such
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materials include, but are not limited to, graphene and topological insulators.
Graphene is a new class of materials which consists of only one layer of carbon atoms.
The Nobel Prize in Physics 2010 was awarded jointly to Andre Geim and Konstantin
Novoselov, for their groundbreaking experiments in graphene. However, research in
graphene is a rapidly expanding eld even before the award, due to the exceptional
physical properties that graphene possesses [214, 215]. For example, graphene can be
very thin yet very strong, and it manage to sustain a current density whose magnitude
is around six orders higher than that in copper. In addition, its electron transport is
described by a massless Dirac-like equation, which makes it possible for experimental
investigation in relativistic quantum phenomena, and so on.
Graphene has shown great application potential in the eld of nanotechnology [216].
Among dierent promising applications, graphene has successfully demonstrated prop-
erties such as high spin injection [217], spin-pumping [218], spin lter eect [219], high
GMR [220], half-metallic properties [221], and magnetism [222]. Considering all these
properties, it is not hard to envision that graphene will continue to be a promising areas
of research eld in nanotechnology in the years to come.
Topological insulator (TI) [223{226] is a newly discovered phase of matter that has
become one of the hottest topics in condensed-matter physics. TI are insulating materi-
als that conduct electricity on their edges (2 dimensional TI ) or surfaces (3 dimensional
TI) via specic edge/surface electronic states. In the bulk, TI's are gapped, but gapless
edge states form at the boundaries. These edge states preserve the bulk symmetries, and
they are protected by by time-reversal symmetry and are robust against perturbations
such as impurity scattering or electron-electron interactions. Time reversal symmetry
and the spin-orbit interaction (SOI) are the two key elements which contribute to topo-
logical insulators, and they normally occurs in heavy elements such as mercury and
bismuth.
In order to materialize TI devices, a mercury telluride(HgTe)-based TI [227,228] had
been theoretically proposed. Soon after the theoretical proposal, the experimentalists
obtained compelling experimental evidences such as the observation of the quantum spin
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Hall eect [229] and nonlocal edge transport to conrm that HgTe-based TI is a feasible
system. Besides, it is also theoretical predicted that materials with wide band gap could
operate under room temperature [230]. A Datta-Das spin-transistor has been proposed
[52] to achieve spin selectivity by controlling the gate-dependent Rashba SOI electrically
in a two-dimensional semiconductor heterostructure, with a semiconductor thin lm
sandwiched between ferromagnetic contacts. However, the conductivity mismatch [29]
at the interfaces between dierent materials causes spin relaxation in the device, making
it hard to be realized. From this perspective, TI's appear to be a promising candidate for
spintronic devices since they also can be gated. Moreover, TI's are composed of a single
material class only, thus eliminate the conductivity mismatch. Due to the nature of 1D
edge states, it suppresses SOI eects in bulk conductors, thus higher spin polarizations
and spin switching quality are expected. By exploiting these unique features of TI's,
it could pave the way to a working room-temperature [231] spin-transistor, which is an
important stepping stone towards quantum computing. By studying TI, it is hoped that
some ambitious proposals based on TI's can be conceived.
For graphene and TI's, there are many physical phenomena which can be studied
using the NEGF model. These physical phenomena include the eect of atomic disorder,
the interaction between spins and phonons , the interaction between magnetic eld and
light within the condensed matter system, the charge and spin transport under dierent
shapes and dimensions, quantum (spin) Hall eect, and so on [66, 69]. The electronic
characteristics of novel devices based on graphene and TI's can be studied through
modeling before they can be realized in reality. The NEGF enables us to investigate
device concepts based on the propertises of graphene and TI's for possible spintronic
applications.
Another application of NEGF is in combining it with the standard Landau-Lifshitz-
Gilbert (LLG) equation to study the dynamics of magnetization within a system. In
the presence of spin polarized current [33,34], the standard LLG equation that describes
the dynamics of the magnetization is modied to reect the inuence of the spin torque
119
CONCLUSIONS AND RECOMMENDATIONS
on the dynamics of the local magnetization, and the modied LLG equation [232] reads
@tM =  jjHeff M+ M @tM  u M (MrrM) +   u MrrM; (6.1)
where Heff = (1=Ms)[E(M)=M] is the eective magnetic eld derived from the mag-
netic free energy, u and  are two phenomenological parameters where u is proportional
to the electrical current density and polarization, and is explicitly given by u = JPgB2eMs .
Here, Ms is the saturation magnetization, J is the current density, P is the current
polarization, g is the spin torque eciency factor [33], B is the Bohr magneton, and 
is the usual phenomenological Gilbert damping parameter. In Eq.(6.1), u  rrM is the
adiabatic term while  is the nonadiabatic term that plays a role similar to the Gilbert
damping term. Based on Eq.(6.1), we can visualize ferromagnetically ordered local mo-
ments (d electrons) described by a classical magnetization vector M(r; t) interacting
with the current induced spin torque. The itinerant electrons (s electrons) are coupled
to the d electrons via a ferromagnetic exchange energy  > 0, such that the eective
one-electron quantum Hamiltonian has the form of H(r) =   ~22mr2rI^ + (M(r; t)  S^),
where I^ is the 22 identity matrix and S^ is a vector of the Pauli matrices. The dynamics
of the magnetization and spin transport of the system could be studied by determining
the moment m(r; t) =  BTrf(r)S^g through the NEGF calculation, substituting the
result back into the Eq. (6.1) and then re-evaluating the response of the system. Here,
(r) is the electron density obtained from the correlation function of NEGF. Through
this self-consistent method, which combines the NEGF calculations with the modied
LLG equation of Eq. (6.1), the switching, and hence the switching current density can
be determined. Using this model, one can also study other eects, such as spin-orbit
interactions, phonon or impurity scattering, etc, by modifying the system Hamiltonian
in NEGF.
One of the interesting studies on the feasibility of STT in practical devices is to
study the impurity scattering eects on STT. The eects of scattering process can be
studied in NEGF through the inclusion of self-energy in the Hamiltonian [72], and the
spin density can be calculated self-consistently within NEGF. The are two kinds of
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scattering process which could have eects on spin relaxation: i) the Elliot-Yafet(EY)
mechanism, and ii) the D'yakonov-Perel(DP) mechanism, respectively. The Elliot-Yafet
mechanism arises due to the fact that a local atomic electric eld, which is induced
by the lattice ions, mixes spin up and spin down states via the spin orbit interaction
. The Elliot Yafet mechanism leads to a spin relaxation rate (1=EY ) proportional to
the momentum scattering rate. It normally contitudes the main spin-ip mechanism
in metals, and is related to phonon and non-magnetic impurity scattering. As for the
D'yakonov-Perel mechanism, it is related to the lifting of the spin degeneracy due to
the presence of a nite electric eld in crystals lacking inversion symmetry. The lack
of inversion symmetry induces a momentum dependent eective magnetic eld, around
which the spin precesses, and this mechanism induces spin relaxation. It is interesting to
investigate the inuence of these two spin relaxation mechanisms on the STT eciency
in a FM material. Through the implementation of NEGF with dierent expressions of
self-energy, detailed numerical studies of the eects of the EY and DP spin relaxation
mechanisms on STT can be performed.
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1CA = j"i h"j   j#i h#j
Let n^ be the arbitrary magnetization direction:
n^ = sin  cosi+ sin  sinj+ cos k
 is 0 in the model, the spin around the magnetisation is expressed as n^  S:
n^  S = sin  cos 0Sx + sin  sin 0Sy + cos Sz










































! j; "i h; "j+ j; "i h; #j+ j; #i h; "j+ j; #i h; #j
() will be replaced by spatial denotation xn(xn1).
For the on site energy, it is expressed as:

0
nn = (2t+ U)fjxn; "i h"; xnj+ jxn; #i h#; xnjg+
cos fjxn; "i h"; xnj   jxn; #i h#; xnjg+
sin fjxn; "i h#; xnj+ jxn; #i h"; xnjg
Here, U is the potential energy and  the exchange splitting constant.




, and there is no spin ip from one site to adjacent
sites, which means:
tfjxn; "i h#; xn 1(n+1)j+ jxn; #i h"; xn 1(n+1)jg = 0:
Therefore, by considering the tight binding model, the Hamiltonian is expaneded as
H = (2t+ U)fjxn; "i h"; xnj+ jxn; #i h#; xnjg+
cos fjxn; "i h"; xnj   jxn; #i h#; xnjg+
sin fjxn; "i h#; xnj+ jxn; #i h"; xnjg  
tfjxn; "i h"; xn+1j+ jxn; #i h#; xn+1j+
jxn; "i h"; xn 1j+ jxn; #i h#; xn 1jg
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THE DERIVATION OF NON-EQUILIBRIUM GREEN'S FUNCTION IN SPIN
SPACE
The matrix element of H is determined by:
h"; xnjH ji = (2t+ U +cos ) h"; xnjxn; "i h"; xnji+sin  h"; xnjxn; "i h#; xnji  
t h"; xnjxn; "i h"; xn+1ji   t h"; xnjxn; "i h"; xn 1ji
and
h#; xnjH ji = (2t+ U  cos ) h#; xnjxn; #i h#; xnji+sin  h#; xnjxn; #i h"; xnji  
t h#; xnjxn; #i h#; xn+1ji   t h#; xnjxn; #i h#; xn 1ji
Expressed in Green's function:
X
n
(E  H + i)G""nn =
P
n
(E + i   U   2t cos )G""nn  sin G"#nn + tG""n+1;n + tG""n 1;n = IX
n
(E  H + i)G##nn =
P
n
(E + i   U   2t+cos )G##nn  sin G#"nn + tG##n+1;n + tG##n 1;n = I










: : : t 0 E + i   U   2t cos   sin  t 0 : : :
















: : : G""n 1;n G
#"
n 1;n : : :
: : : G"#n 1;n G
##
n 1;n : : :
: : : G""n;n G#"n;n : : :
: : : G"#n;n G##n;n : : :
: : : G""n+1;n G
#"
n+1;n : : :
: : : G"#n+1;n G
##








The Relationship of Spin Transfer Torque and Spin Density
We start the denition of Rashba torque, ^ :
^ =  M^Heff : (2)
In the model, the M^, which is the magnetization, is along z-direction, i.e. Mz, Heff ,
the eective eld, along y, so we got x.







In Eq.3, we also take x. m^ is the magnetic moment, which is expressed as B s^,
where B is the Bohr magneton. We can obtain s^, which is the spin density, from
Green's function, and M^ is the unit vector, i.e. z^, while  is the spin splitting energy.
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THE RELATIONSHIP OF SPIN TRANSFER TORQUE AND SPIN DENSITY
From Eq. 2, the unit of x:









From Eq. 3, the unit of x:
 B  1~ 
1
V











Here, we take 1eV = 1J , and 1V is the spin density per volumn.









where Heff is in Tesla.
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